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ABSTRACT OF THE DISSERTATION

The Relationship between the Osteonal Cement Line and Bone Strength
by
Avery Kazuhiro Egerer

Doctor of Philosophy, Graduate Program in Anatomy
Loma Linda University, June 2002
Dr. Subrata Saha, Chairperson

Bone includes many structural and chemical components which provide both
flexibility and strength. One such structure is the cement line, a 1-5 pm-thin structure
located primarily in compact bone. Past research has correlated the pathological
condition of “shin splints” with the micro-damage of bone, which often follows cement
lines. It has been suggested that cement lines have rather paradoxical properties. Upon
fatigue fracture of bone, microcracks often travel along cement lines and become trapped.
This trapping and subsequent dispersion of energy have been hypothesized to prevent a
complete fracture from occurring, extending bone life. Cement lines have been
implicated in a variety of areas concerning bone strength, including energy absorption,
fracture and fatigue processes, and elastic function.
The regional distribution of cement lines in cadaveric tibiae was quantified and
correlated with the mechanical properties of bone, allowing the investigation of bone as a
structure and as a material. In Part 7, tibiae were mechanically loaded, and slices
subsequently processed for image processing which quantified cement line length/unit
area. The results indicate that the average load necessary to completely fracture female
xm

tibiae (4.17 kN) was significantly less (p<0.05) than for male tibiae (7.92 kN).
Furthermore, anterior quadrant cement line quantity was significantly greater (p<0.05)
than the other quadrants, and mean cement line quantity in males (0.0099 pm/pm2) was
significantly greater (p<0.05) than in females (0.0092 pm/pm2). Correlation analysis
revealed a positive relationship (r = 0.5160) between cement line quantity and the
maximum breaking load.
In Part II, standardized cores of compact bone were tested under a bending load.
The distribution of cement line quantity with respect to quadrant and gender revealed
values similar to those obtained from Part I. Correlation analysis revealed that cement
line quantity was again correlated with the breaking load (r = 0.8208), but also with
breaking stress (r = 0.8640) and breaking energy (r = 0.5598).
These data suggest that the anterior quadrant of human tibiae may experience
increased remodeling than the other quadrants, and that male tibiae may remodel more
than female tibiae. Finally, the correlation data strengthens existing hypotheses that
cement lines are important structures affecting bone strength.

xiv

CHAPTER 1
INTRODUCTION

Bone is an important tissue component of the human body, and in adults,
constitutes 18 percent of the total body components, compared to 43 percent muscle, 25
percent skin and fat, 11 percent viscera, and 3 percent nervous tissue. Therefore, when
researching bone and its mechanical properties, a significant component of the body is
being studied. Fortunately, bone is currently being studied from a variety (an array) of
sub-topics and angles, many having practical importance to specialists in a variety of
fields.
Human interest in the mechanical properties of bone is not new, and dates at least
as far back as 1638 when Galileo Galilei commented on the mechanical significance of
bone form. Recent emphasis on the safety in the automobile, aircraft, and aerospace
industries has caused a great impetus to research on the mechanical properties of bone,
especially its limits of tolerance to various types of impact. Further, as humans are
entering a new “space” age, the previously impossible and perhaps comical ideas of
living in space-stations for prolonged periods of time (if not eventually forever) are now
not so far-fetched. For example, Russian scientists are currently living on the spacestation Mir; and prolonged living in this gravity-free environment may cause bone to
remodel very differently, which may in turn have pronounced and real effects on the
mechanical properties of this tissue.
Bones of the human skeleton are subjected to a variety of forces during normal
daily activity. How a bone withstands these forces is, largely, a function of its
1

mechanical properties, and will be governed by the type (e.g., tensile, compressive,
bending) and magnitude (small or large) of forces, as well as how these forces are applied
(e.g., slowly or quickly, single or repetitive, short or long in duration). Additional factors
influencing its mechanical properties include the specific bone and part of the bone being
studied, and the age, sex, and race of the individual. The effects of all these variables
affect the mechanical properties of bone.
When the bones become stressed due to external forces, stress fractures can occur.
Breithaupt, a Prussian military surgeon, is credited with the first description of stress
fractures (McMaster, J.H. et al., 1978). He described it in 1855 as a syndrome of swollen
and painful feet found in the soldiers having had long marches. Since then, many
synonyms have been created, including “shin soreness,” “shin splints,” “fatigue fracture,”
“march fracture,” and “Charlie Horse,” (Corondan, G. et al., 1986; Devas, M.B., 1958;
Evans, F.G. et al., 1970; Krause, G.R. et al., 1944; Martin, R.B., 1995; Morris, J.M. et al.,
1967), and they have been found to occur in a wide variety of bones, but primarily in the
femur, tibia, and metatarsals (Bargren, J.H. et al., 1971; Forwood, M.R. et al., 1991;
1992; 1994; Milgrom, C. et al., 1993; 1994; and Schaffler, M.B. et al., 1995). Although
stress fractures can occur in anyone, they are found primarily in military recruits (Gilbert,
R.S. et al., 1966) and athletes (Blazina, M.E. et al., 1962; McBryde, A.M., 1976; 1985;
Miller, E.H. et al., 1975).
Regardless of its name, a knowledge of this clinical syndrome of stress fracture is
becoming increasingly important. This is a time in which people of all age groups and all
ethnicities are acutely aware of the health benefits of exercise — especially running —
and have increased their level of physical activity to benefit their cardiopulmonary
2

system, to increase muscle tone, to lose weight, and to simply feel “good.” However, the
repetitive nature of these stresses on the human skeletal system and the fatigue of tissue
from exercise is what lay the groundwork to the increasing cascade of cellular and
microscopic effects that occur within bones.
At the core of this fracture of fatigue is the production of microdamage at the
tissue level. Although any material can fracture from fatigue (Salking, M.J., 1972), it is
most common in trabecular (Choi, K., 1992; Fazzalari, N.L., 1993; Radin, E.L. et ah,
1973; Turner, C.H., 1992) and cortical (Burr, D.B. et ah, 1985; Martin, R.B. et ah, 1982;
Robertson, D.M. et ah, 1978; Schaffler, M.B. et ah, 1994) bone. In Haversian bone, they
tend to have specific preference in their histiogenesis: they tend to follow along an
elusive but definitive structure called the cement line.
At the structural level, it is the accumulation of this microdamage in bone, which
often distributes along cement lines — that manifests as the clinical and pathological
condition of stress fracture syndrome. It has been hypothesized that by dissipating the
energy created during the stress and/or fatigue of bone along cement lines, a catastrophic
bone fracture can be prevented. It has also been hypothesized that when microdamage
occurs along cement lines, the intimately-associated processes of bone resorption and
subsequent bone formation can occur (Baylink, D.J. et ah, 1993; Burr, D.B., 1993; Li, G.
et ah, 1985; Mori, S. et ah, 1993), leading to an overall strengthening of bone within this
region of “perceived” stress.
The relationship between bone strength and bone microstructure is the foundation
of this dissertation. There are many factors that influence bone strength (Gordon, J.E.,
1993; Schaffler, M.B. et ah, 1984; 1988), and it would be ideal to be able to incorporate
3

every single factor in the quest to answer the question ‘What makes bone so strong?’
However, to take on this unsurmountable task would require much more time than is
currently available; as a result, the scope of this work focuses primarily on an elusive
structure involved in bone strength known as the cement line. Porosity was also
investigated in this research, although to a much lesser degree. Bone porosity is an area
of research that has already been studied in great detail, especially because of scientific
interest in understanding osteoporosis, a disease affecting millions worldwide (Sietsema,
W.K., 1995). Cement lines, however, have not been rigorously studied despite their
important role in bone strength.
This dissertation is unique, perhaps, because the research proper is divided into
two parts. Part I of the research identifies quadrant differences in both porosity and
cement line quantity in human tibiae; it also allowed the relationship between the cement
line quantity and overall bone strength to be investigated. In this study, entire tibiae were
tested under a load until failure, and the micro structure was quantified using computer
image processing, and subsequently correlated with entire bone strength. This part of the
research allowed the study of microstructure to bone as a structure. The results on the
series of this work have been previously presented at several meetings, including The
Fifteenth Southern Biomedical Engineering Conference (1996), The Sixteenth Annual
Meeting of the Society for Physical Regulation in Biology and Medicine (1996), the
Twenty-First Annual Meeting of the American Society of Biomechanics (1997), and at
the Forty-Third Annual Meeting of the Orthopaedic Research Society (1997).
The unique results from Part I gave birth to new ideas and tests which
materialized in Part II. Unlike Part I in which entire tibiae were tested under a load,
4

Part II utilized bone cores sampled from quadrants within the tibiae. This second part of
the research thus allowed bones to be studied as a material. The research setup and bone
core acquisition was much more frustrating and delicate than I had initially imagined, but
the new investigation allowed detailed analysis on the relationship between the cement
line quantity and the mechanical properties of standardized samples of bone, which had
never been shown previously.
Although some information on cement lines is available in the literature, the
relationship between cement line distribution and quantity to age, gender, and the
mechanical properties of bone have not yet been investigated. The objective of the
present investigation was therefore to quantify cement lines in the human tibia, and to
correlate this quantity with age, gender, and the mechanical properties of bone as both a
structure and as a material.
It has been shown previously that the quality and dimensions of several
micro structural features in bone can affect bone strength (Burr, D.B. et al., 1982;
Burstein, A.H. et al., 1972; Evans, F.G., 1958; Evans, F.G. et al., 1967; Pope, M.H. et al.,
1972; 1974). Further, it has been shown that bone samples with surface defects — such
as notches — require significantly smaller amounts of energy and stress levels to
fracture, because stress concentrates within this region (Saha, S., 1977). Finally, several
researchers have observed the tendency for microcracks in bone to originate and/or
follow cement lines (Burr, D.B. et al., 1985; Frost, H.M., 1960; Li, G. et al., 1985;
Zioupos, P. et al., 1994). Therefore, since a segment of this research dealt with the
correlation of cement line quantity to bone strength, great care was taken to design and
create a tool that would not only allow the coring of uniform bone cylinders with
5

precision and consistence, but also produce them without causing any artificial damage
on the bone surface, which may affect the true relationship between the cement lines and
the mechanical properties of bone.
This dissertation is organized into five chapters. Chapter 2 provides an
introduction to the classification, function, and structure of bone. It includes detailed
information on the macro- as well as microstructure of bone, as well as descriptions of
bone cells, and the matrix around them. Descriptions of bone development and
remodeling are also included.
Chapter 3 summarizes previous investigations on cement lines. The structure and
composition of cement lines are discussed in detail. Past experiments indicating the
involvement of cement lines in the fatigue and fracture of bone are also discussed.
The biological materials used in this research and the experimental procedures
that were followed are presented in Chapter 4. This chapter, divided into two parts,
identifies the two types of samples that were tested. It also describes in detail how
samples were acquired and prepared. The mechanical testing and histological procedures
that were used for each part are also explained. It includes early techniques used to
identify cement lines in this research.
Chapter 5 presents the results. The significance of the data as it pertains to the
quality of the bone (e.g., living versus dead, fresh versus embalmed) is discussed. It also
correlates cement lines with bone strength.
Chapter 6 comments on the application and limitations of this research. Important
conclusions as they pertain to this research are explained. Suggestions for future bone
acquisition are also provided, written as an aid for those new to bone testing.
6

Finally, an Appendix provides copies of previously published works and
presentations. They are included in the order in which they were presented at
conferences.
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CHAPTER 2
BONE CLASSIFICATION, FUNCTION, AND STRUCTURE

This chapter focuses on the study of bones, or osteology, describing bone from
both macroscopic and microscopic views. The gross architecture and classification of
whole bones will be discussed first, followed by detailed microstructural characteristics.
The organic and inorganic components of bone are defined, as well as histological terms
associated with the microstructure. Biomechanical, biomedical, and microstructural subtopics of bone are well documented in orthopaedic research (Baker, J. et al, 1972; Currey,
J.D., 1964, 1984; Frost, H.M., 1966, 1991; Green, J., 1994; Grynpas, M., 1993; LeGeros,
R.Z. et al, 1993; MacGinitie, L.A. et al., 1994; Saha, S., 1974; Vincentelli, R. et al., 1971,
1978; Wagner, H.D. et al., 1992).
Bone Classification
Bone, one of the hardest materials in the body, forms the human skeleton (Figure
1), and is the primary supporting tissue of the human body. It is one form of connective
tissue, and is second only to cartilage in its ability to withstand stress (Junqueira, L.C. et
al., 1992). The adult skeletal system consists of 205 bones, and includes two main parts:
(1) the axial skeleton and (2) the appendicular skeleton. The axial skeleton consists of
the skull, vertebral column, ribs, and sternum; the appendicular skeleton consists of the
pectoral bones (shoulder), the pelvis, and the long limb bones.
Bones can also be classified by shape. Long bones are found in our limbs, and
include the humerus, radius, and ulna (upper extremity) and the femur, tibia, fibula
(lower extremity). They are tubular in shape, consisting of a long shaft (diaphysis) with
8
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Figure 1. The human skeleton (redrawn after
Finkbeiner, R., 2001, Internet)
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bulbous ends — or epiphyses

that are either convex or concave. Short bones are

cuboidal in shape, and found in the wrist and feet. Sesamoid bones, often grouped with
short bones, are round or oval in shape, and received its name due to its resemblance to
sesame seeds. These nodular bones are commonly found in the limbs, where tendons
cross the ends of long bones, and thus change the angle of the moving tendon to provide
a greater mechanical advantage at the joint. Flat bones, located in the ribs, scapula,
sternum, and skull (calvaria), usually have a protective nature, and consist of two plates
of compact bone with cancellous bone and marrow between them. They help to form the
walls of cavities, such as the thoracic and cranial cavities. Finally, irregular bones have
various shapes, and are found in vertebrae and the face.
Embryonic origin is another way that bones can be classified. Bones develop
from condensations of embryonic connective tissue, or mesenchyme, and they form by
either replacing cartilage or a membrane. Bones developed from cartilage undergo
ossification through a process known as endochondral ossification; those that develop
directly from a membrane become ossified through intramembranous ossification. This
is explained in greater detail under Bone Formation and Remodeling.
Bones can further be classified on the basis of its type, or microstructure.
Compact bone is very hard and dense, and is found on the outer periosteal surface of all
bones. It is also referred to as cortical bone. Cancellous bone, unlike compact bone, is
frequented with many small holes — like a sponge — and not dense (Goldstein, S.A. et
al., 1993). The small cavities are formed by thin trabeculae, and filled with marrow.
Other names for cancellous bone include ‘spongy bone’ and ‘trabecular bone.’

10

Finally, bone can be separated by the way materials are deposited. Woven bone
is a form of bone that is laid down very quickly, such as that found in the growing fetus
and in a callus during fracture repair. Lamellar bone, on the other hand, is more precisely
arranged, having been laid down much more slowly than in woven bone. Parallel-fibered
bone is identified by having a structure in-between woven and lamellar bone. These
types of bone are examined in greater detail under the following section, Bone Formation
and Remodeling.
Bone Function
Bone serves a variety of important purposes, some of which are either overlooked
or go unnoticed. Five main functions include: 1) tissue protection, by forming walls
surrounding cavities, thus housing vital structures (such as the cranial cavity protecting
the brain, and the ribs that surround the thoracic cavity and protect the heart, lungs, and
vessels); 2) biomechanical functions, due to its ability to form complex levers from the
direct attachment of tendons and muscles; 3) support, as exemplified by the vertebral
column and axial skeleton, forming the framework for the body trunk; 4) blood cell
production — or hematopoiesis — by the red bone marrow found in the medullary canals
of long bones and in the cavities of cancellous bones; and as 5) an ion reservoir, for ions
such as the calcium, magnesium, and phosphorous salts stored in bone that can enter the
circulatory system (Martin, R.B., 1991; McDonald, F. et al., 1994; McLean, F.C., 1955;
Moore, K.L., 1992; Reilly, D.T. et al., 1974).
Bone Macrostructure
The gross structure of bone appears to vary depending on its location and on its
principal biomechanical — or biologic — function. Bones utilized heavily for weight11

bearing, rigidity, and muscle, ligament, and tendon attachment have a large quantity of
compact bone; its shape and makeup are designed to withstand the forces of tension,
compression, and bending that the human body is subjected to (Moyle, D.D. et ah, 1978;
1984). The bulk of this discussion focuses on long bones, which are the predominant
bones within the human body, and of the type upon which this research is based.
Structure of a Typical Long Bone
The structure of a typical long bone (e.g., tibia) is shown in Figure 2. Long bones
are characterized by having a middle tubular section, called the diaphysis, and are
composed of dense compact bone in its walls. Approaching each end is a flared, cone
like region, called the metaphysis, where the compact bone forms a shell around
cancellous bone. This region connects the shaft to each articular end. The ends of long
bones

or epiphyses — are capped by a very thin layer of compact bone and filled with

cancellous bone. There is a thin layer of hyaline cartilage covering the epiphyses,
forming the articular surface of bones. The area between the metaphysis and the
epiphysis is a junction called the epiphyseal plate. This plate is found in growing bones,
and is a region of hyaline cartilage. Prior to puberty, this region allows the longitudinal
growth of bone. Therefore, the main growth occurs well away from the articulating
surfaces.
Surrounding the outer layer of a long bone is the periosteum, which is a fibrous
and dense connective tissue membrane. It is anchored to the underlying bone by densely
bundled collagen fibers known as Sharpey’s fibers. Johnson, R.B. (1987) observed
several types of fibers, and classified them as either “severed fibers,” “arborized fibers,”
“adhesive fibers,” and “continuous fibers,” depending not only on their location, but also
12

Figure 2. The structure of a typical long bone (e.g., tibia)
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on how they terminate. This sheath, due to the presence of osteoprogenitor cells and/or
osteoblasts — or bone-forming cells — has the ability to form new bone, and covers all
bone surfaces except at the areas of articulation, where there is a thin layer of hyaline
cartilage. The thin sheet of osteoblasts of the periosteum become cuboidal in shape when
they form new bone by secreting uncalcified bone matrix, which subsequently becomes
calcified (Yamashita, K. et ah, 1992; 1993). When the predetermined diameter has been
reached, these osteoblasts become quiescent, and stop secretion. At this time, osteoblasts
are indistinguishable from the densely packed fibroblasts, also located in the periosteum.
However, during times of necessity, such as after a bone fractures (Margel-Robertson,
D.R., 1973; Mazess, R., 1990; Schneider, G. et ah, 1994), these indistinguishable cells
regain their mitotic ability and become osteoblasts once again, promoting osteogenesis.
Lining the inner surface of the long bone is the endosteum, a layer of
osteoprogenitor cells and/or osteoblasts that cover all bony surfaces including the surface
of cancellous bone trabeculae, or spicules. Like the osteoblasts of the periosteum,
osteoblasts of the endosteum can secrete osteoid tissue when needed. However, as the
endosteum is composed of only a single layer of osteoprogenitor cells, it is much thinner
than the periosteum. Both endosteum and periosteum play important roles in the
nutrition of bone tissue as well as in supplying osteoblasts for bone growth and repair.
Within the inner canal of long bones is a region called the medullary cavity.
Bone marrow is present in this region, and is identified as two types: red and yellow
marrow. Red marrow is active in blood production, or hematopoiesis, whereas yellow
marrow is inactive, and abundant in fat. Osteoblasts are also found in a thin layer lining
the central marrow cavity and on the surface of cancellous bone trabeculae, or spicules.
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The outer surface of long bones is not without defects or irregularities. There are
numerous protuberances, depressions, and foramina that provide important landmarks.
Bone markings appear wherever fascia, ligaments, and tendons are attached; they become
prominent during puberty, and progressively become more pronounced with age.
Two main types of markings are 1) facets and 2) elevations. Facets are smooth,
small, and flat areas located in regions where bone articulates with another bone (for
example, on vertebrae). Elevations are another type of marking, and are of several types:
lines or ridges are linear elevations, whereas round elevations are either a tubercle (small
raised area), a tuberosity (large, round, and raised elevation), a trochanter (large, blunt
elevation), a protuberance (swelling), or malleolus (elevation shaped like the head of a
hammer). A final type of elevation is a sharp elevation, commonly known as a spinous
process. This is a thorn-like elevation, such as that found in vertebrae. These elevations
provide attachments for ligaments and muscles.
Bone Microstructure & Histology
Bone is considered to be a composite material having both organic and inorganic
components (Welch, D.O., 1970). The organic component consists of collagen and
proteins that are stiffened by the dense calcium phosphate and hydroxyapatite crystals,
which make up the inorganic component of bone. Other constituents are also present,
most notably water, as well as an amorphous ground substance that is poorly understood.
Living cells and vessels (arteries, veins, nerves) are also present (Figure 3).
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Figure 3. Schematic drawing of cortical bone microstmcture (redrawn after
Cormack, D.H., 1987)
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Compact vs. Cancellous Bone
There are two main types of bone: spongy, also known as cancellous bone, and
compact, or cortical bone. The human skeleton contains approximately 85% compact
bone, and 15% cancellous bone (Gong, J.K. et al., 1964). All bones consist of these two
bone types, with compact bone as the outer shell that surrounds an inner segment of
cancellous bone. The exception to this is when the cancellous bone is replaced by
marrow (e.g., red, yellow marrow) or an air space (e.g., sinus). Both consist of organic
and inorganic components, however, they are distinguished from each other (in structure)
by the amount of material they possess and the size and number of spaces between this
material. Compact bone is solid and dense, with spaces only for vessels, osteocytes and
their canaliculi, existing areas of microdamage, and erosion sites. In cancellous bone,
however, large spaces are present. The differences between these two types of bone are
visible to the naked eye. The cancellous bone in adults consists mainly of primary
lamellar bone and smaller fragments of secondary (Haversian) bone. Long bones
generally have a medullary cavity in the diaphyseal, or shaft, region, containing marrow.
If marrow is present in bone, the red type is active in hematopoiesis, whereas the yellow
type is primarily made of fat, and cellularly inactive (Eventov, I. et al., 1991). The
mineral component of bone provides its hardness and rigidity, whereas its collagenous
component gives bone its ability to flex and resist tension (Stromsoe, K. et al., 1995;
TenHuisen, K.S. et al., 1995; Walsh, W.R. et al, 1994). Nevertheless, these constituents,
including the ratio of compact to cancellous bone, and geometry, provide overall bone
strength (Louis, O. et al., 1995).
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Examination of bone with the light microscope reveals the presence of a large
quantity of mineralized extracellular matrix that has a plate-like arrangement, or
lamellae. Within these lamellae are small lacunae and a network of anastomosing
canaliculi, which house osteocytes and their processes during the living state. In compact
bone, the lamellae are arranged in three common patterns. The first common pattern is
that of the circumferential lamellae; these lamellae lie parallel to the surfaces of the
periosteum and endosteum. The next pattern is the Haversian system

or osteon — in

which 4-20 concentrically-arranged lamellar layers surround a central, vascular canal.
The third pattern is the interstitial lamellae. This type is arranged irregularly, usually
triangular or quadrangular in shape.
In compact bone, two types of vascular channels are present, which supply
nutrients to the bone cells: Haversian and Volkmann’s canals. Haversian canals, as the
name implies, are found in Haversian systems, and are therefore surrounded by
concentrically arranged lamellae. These canals run parallel to the long axis of bone and
blood vessels. As blood vessels travel from the periosteum through compact bone, they
travel in Volkmann’s canals. Less common than Haversian canals, Volkmann’s canals
cross osteons and connect adjacent Haversian canals, thereby allowing blood and
nutrients to enter deep into compact bone.
Cell Types
Osteoblasts
There are three main types of cells involved in bone: osteoblasts, osteocytes, and
osteoclasts. Osteoblasts, or bone-producing cells, arise from spindle-shaped
osteoprogenitor cells found at the surface of bone tissue, in the periosteum and
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endosteum of bone (Marie, P.J., 1994). During bone growth and times of need, such as
after a fracture, these osteoprogenitor cells proliferate, giving rise to osteoblasts. The
primary role of osteoblasts is the synthesis of the organic fraction of the bone matrix,
including collagen, proteoglycans, and glycosaminoglycans (Gronowicz, G.A. et al.,
1995). When they secrete this matrix, they deposit this material around their entire body,
including the area around their cytoplasmic processes, creating canaliculi. Osteoblasts
are generally polygonal (and rounded) in shape, and become cuboidal or columnar when
actively secreting matrix. Because they are secretory cells, their cytoplasm is basophilic
due to the abundance of rough endoplasmic reticulum. Their Golgi complex is very
active, producing secretory vesicles. The secretion of the synthesized components is
performed by exocytosis which occurs from the entire cell surface.
Osteocytes
Osteocytes are another cell type in bone, originating from osteoblasts (Jande, S.S.
et al., 1973). Unlike the osteoblast, however, osteocytes are responsible for the
maintenance of the bone matrix (Weinbaum, S. et al., 1992). The result from the
secretion of matrix by the osteoblasts essentially encases itself in its own cocoon-like
structure or lacuna. These cells, now immobile, communicate with each other via gap
junctions through their thin cytoplasmic processes, or canaliculi (Civitelli, R., 1995;
Doty, S.B., 1981; Shapiro, F., 1989; Xia, S.L. et al., 1992). It is through these structures
that allow the transfer of information or nutrition from one cell to another cell (in a linkstyle fashion) many cells away (Andersen, M.A., 1989). The actual number of canaliculi
each cell possesses can vary (Marotti, G. et al., 1985), and has been shown that the
proliferation of these cytoplasmic processes may be influenced by the presence or
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absence of an adjacent vascular source. Marotti, G. et al. (1985) studied osteocytes
facing vessels (vascular walls) and those facing cement lines (peripheral walls). It was
found that the number of canaliculi departing from vascular walls significantly greater
than the number from peripheral walls, suggesting that the proliferation of canaliculi is
influenced by the presence of a vascular source.
Although similar in their duties, all osteocytes are not necessarily the same size
(Marotti, G. et al., 1985; Yeager, V.L. et al., 1975). Using a gibbon and human model,
Yeager, V.L. et al. (1975) measured the cross-sectional areas of lacunae at varying
distances from adjacent osteons, and found great variation in the size of lacunae at all
distances. They revealed marked differences in sizes of lacuna 1) from different bones,
2) from different osteons of the same bone, and 3) within the same osteon. However, the
mean size of lacunae was larger when found immediately adjacent to the osteonal canal
and at the osteon periphery, compared to lacunae intermediate in position.
Mariotti, G. et al. (1985) also observed varying osteocyte sizes. Studying human
tibiae, they found that the size and density of osteocyte lacunae varied depending on
location along the bone. Interestingly, they found that the percent of bone tissue
occupied by osteocytes was highest in the metaphyses, lowest in the diaphyses, and
intermediate in the epiphyses. Further, the sectional area of lacunae was found to be
greater in woven bone than in lamellar bone; and, in osteonal (Haversian) bone, greater in
outer portions than in inner regions. Not inclusive of the vascular fraction of bone, Frost,
H.M. (1960) indicates that the area of osteocyte lacunae and their canaliculi form less
than 3% of the volume of cortical bone from human long bones.
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Osteocytes are not as active as matrix-producing osteoblasts, and therefore, have
significantly less rough endoplasmic reticulum and Golgi apparati.
Osteoclasts
Osteoclasts are large, multi-nucleated (5-50) cells thought to originate from the
mononuclear phagocyte system (MPS), as they are derived from blood-derived
monocytes. These cells are highly motile cells that actively resorb bone matrix from sites
where bone is either unneeded or undergoing remodeling (Hogan, H.A., 1992). The
presence of a ruffled border indicates an area of active bone resorption; in this area of
increased surface area, enzymes degrade the matrix. In such areas of bone resorption,
osteoclasts lie in recessed areas of the tissue, called Howship’s lacunae. They secrete
acid, collagenases, and proteolytic enzymes which causes the resorption of bone (Eyre,
D., 1992; Teitelbaum, S.L. et al., 1995). The acidophilic cytoplasm of active osteoclasts
is found to have numerous lysosomes, a well-developed Golgi complex, and an
abundance of energy-providing mitochondria.
Osteoclasts are under hormonal control, and are influenced by an antagonistic
system of endocrine secretions — parathyroid hormone and calcitonin — to regulate
serum calcium levels. Low serum calcium stimulates the secretion of parathyroid
hormone (PTH) by chief cells in the parathyroid glands. In renal tissue, PTH stimulates
the synthesis of 1,25-dihydroxyvitamin D3, an active vitamin D metabolite which
stimulates resorption of calcium in the gastrointestinal tract; and in bone, PTH stimulates
osteoclastic osteolysis. As serum calcium levels rise as a result of the actions of PTH,
continued PTH secretion becomes prevented through a feedback mechanism.
Antagonistic to PTH is calcitonin (thyrocalcitonin), another polypeptide hormone which
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also helps regulate serum calcium levels. Calcitonin is synthesized by parafollicular cells
(C cells) in the thyroid gland and depresses bone resorption.
Recently, however, it has been found that osteoclasts are also affected by certain
chemicals. Petrovic, M. et al. (1995) showed that barbiturates may indirectly stimulate
osteoclastic activity, accelerating bone resorption and increasing serum calcium levels.
They also indicated that barbiturate therapy may also contribute to the development of
osteopenia, a pathological condition characterized by reduced bone mass or density.
Although osteoclasts are the primary bone-resorbing cell, they are not the only
cell type with this function. Osteoblasts have also been found to resorb bone according
to Heuck, F. (1970) and Yeager, V.L. et al. (1975).
Chemical Composition of Bone
Collagen
Collagen is a structural protein found in perhaps all animal phyla. In the human
body, it is the most abundant protein (Junqueira, L.C. et al., 1992), and accounts for
approximately 30% of all body proteins (Nimni, M.E. et al., 1987). It can become
mineralized to form the skeleton, or stay in an unmineralized state, as exemplified in
tendon, skin, ligament, cartilage, and blood vessels. Collagen molecules are relatively
long and narrow (approximately 280-300 nm long x 1.5 nm wide) (Cormack, D.H.,
1987). The predominant and most important types of collagen include type I, II, III, IV,
and V. Type I collagen is produced by fibroblasts, osteoblasts, odontoblasts, and
chondroblasts, and is the most abundant form of collagen. It is also the type found in
bone, and one salient feature compared to the other types of collagen is its high resistance
to tension. This is particularly beneficial to this type of tissue, because when it fails
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under a load or stress, it tends to fail in tension first. Bone collagen can form
birefringence under polarized light, which allows it to be studied by microscope.
The formation of collagen requires several steps (Cormack, D.H., 1987; Leblond,
C.P., 1989; Wright, G.M., 1981). Initially, the protein molecule pre-procollagen — a
polypeptide alpha chain — gets its signal peptide excised, forming procollagen. While
still inside the cell, polypeptide chains undergo hydroxylation (proline and lysine) and
subsequent glycosylation (hydroxylysine). Three alpha chains, still having their carboxyterminal and amino-terminal registration peptides, unite to form a left-handed triple helix
approximately 300 nm long and 1.5 nm in diameter (Johnson, K.E., 1991). The resulting
procollagen molecule gets transported out of the cell. Here, in the extracellular
environment, procollagen pepsidases excise the registration peptides. This altered
protein, now known as tropocollagen, aggregates to form microfibrils of collagen by its
natural tendency toward causing the head of one tropocollagen molecule to attach to the
tail of another. There is a gap located between the head of one molecule and the tail of
the next; these gaps, combined with many tropocollagen molecules stacked side-by-side,
produce collagen’s characteristic periodicity of 64-67 nm that can be visible using an
electron microscope. These microfibrils, stabilized by intermolecular crosslinks, then
aggregate to form fibrils (Currey, J.D., 1984). The diameter of these collagen fibrils has
been shown to vary. According to Cooper, R.R. et al. (1966), the fibrils toward the
periphery of Haversian canals were oftentimes larger than those near bone cells.
Nevertheless, they averaged approximately 600 A in diameter. Numerous collagen fibrils
then assemble into much larger collagen fibers several micrometers in diameter (Johnson,
K.E., 1991).
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It is important to note that each collagen molecule consists of three equal-length
polypeptides. In type I collagen which is present in bone, two (termed alpha-1) of the
three chains have the same amino acid composition. The third (termed alpha-2) peptide
chain differs from the other two; however, they all have a molecular weight of
approximately 100,000. Small but significant differences in the amino acid sequence
yields the varying types of collagen previously mentioned.
Recent research by McCarthy, M.L. et al. (1989) indicate that insulin-like growth
factors (IGFs), secreted by skeletal cells, have a regulatory effect on the synthesis of bone
collagen. They found that IGF-I and IGF-II increase bone collagen synthesis, and
decrease collagen degradation. They also found that IGF-I and IGF-II increased cellular
transcription of type I collagen in osteoblasts.
The synthesis of collagen has also been shown to have a genetic component.
Tokita, A. et al. (1994) studied 82 female twin pairs (42 monozygotic and 40 dizygotic),
and measured type I collagen markers of bone formation and bone resorption. Their
findings indicate that type I collagen synthesis and degradation is genetically determined.
They also found that their results are related to the genetic regulation of bone density.
Regardless of its formation, collagen is an extremely important component
influencing bone strength (Hasegawa, K. et al., 1994; Martin, R.B. et al., 1989; Pidaparti,
R.M.V. et al., 1992; Simkin, A. et al., 1974). Simkin, A. et al. (1974) showed that the
stress at fracture and mode of fracture (fracture shapes) were highly dependent on the
direction and organization of the collagen fiber bundles within the compact bone from
ox. Testing bones under tension and observing them microscopically under regular
transmitted and polarized light, they found differences in the stress not only between both
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longitudinal and transverse specimens, but also between different areas within and
between both primary and secondary bone. Similarly, Pidaparti, R.M.V. et al. (1992)
showed that collagen fiber orientation and geometry can even affect the mechanical
properties of secondary osteons.
Collagen fibers have also been shown to exhibit different orientations relative to
the time of osteon formation. Vincentelli, R. (1978) used polarized light to study
compact bone from human tibiae. Classifying osteons into five categories depending on
their relative proportions of dark lamellae, it was found that some fibers are oriented
longitudinally (dark lamellae) while others follow a steep circular spiral (light lamellae).
They indicate that the way the osteons appear under polarized light may be due to the
osteon formation age.
Although the formation and degradation of collagen occur throughout life, it has
an overall rate of formation. During times of accelerated bodily growth, collagen is
deposited rapidly. However, with increasing age and in tissues undergoing little
remodeling, the rate of synthesis decreases (Nimni, M.E. et al., 1987).
Non-collagenous Proteins
Recent research indicates that the bone matrix contains several non-collagenous
proteins, including vitronectin, osteocalcin, sialoprotein (Aerssens, J. et al., 1993;
MacNeil, R.L., 1995; Roach, H.I., 1994), osteopontin (Boskey, A.L. et al., 1993; Dodds,
R.A. et al., 1995; McKee, M.D. et al., 1993; 1995; 1996), and osteogenin (Ripamonti, U.
et al., 1992). It has been suggested that in adult primates, the primary role of osteogenin
is to initiate or promote osteogenesis (Ripamonti, U. et al., 1992). Glowacki, J. et al.
(1991) hypothesize that the role of osteocalcin may be to recruit osteoclasts, while
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Pastourea, P. et al. (1991) indicate that osteocalcin is found in osteoblasts. The molecule
has 2-3 residues of gamma-carboxyglutamic acid which make it a calcium-phospholipidbinding amino acid (Vermeer, C., 1984). The role of osteocalcin may, therefore, be a
chemical attractant during bone resorption. Dodds, R.A. et al. (1995) indicate that
osteoclasts deposit osteopontin onto resorption surfaces, while Sodek, J. et al. (1995)
indicate that it is osteoblasts that synthesize osteopontin for matrix deposition. Either
way, the presence of osteopontin and the affinity of sialoprotein to collagen fibrils
(Fujisawa, R. et al., 1992) prior to mineralization seems to suggest that both proteins are
necessary for bone mineralization. The exact role of vitronectin, like the other noncollagenous bone proteins, is not fully understood; however, Seiffert, D. (1996) indicates
that vitronectin is a specific component of mineralized bone matrix, and may be involved
in the regulation of bone metabolism.
Another group of proteins found in the bone matrix are growth factors. Unlike
systemic hormonal signals, growth factors are local factors that influence bone growth
(Canalis, E. et al., 1988). This family of polypeptides includes numerous factors,
including insulin-like growth factor (IGF), epidermal growth factor (EGF), transforming
growth factor (TGF), platelet-derived growth factor (PDGF), and skeletal growth factor
(SGF). For each growth factor type, there is a unique receptor with distinct properties of
ligand specificity and post-binding signaling events (Carpenter, G., 1987). Longitudinal
bone growth is controlled by growth hormone through its stimulation of IGF-I production
by the liver (Schoenle, E. et al., 1982). The rate of production and bone matrix presence
for each of the growth factors varies. For example, SGF — also known as IGF-II — is
produced by osteoblasts (Mohan, S. et al., 1988; Wergedal, J.E. et al., 1986) at a rate
26

approximately forty times the rate of IGF-I production, and in bone matrix, the
concentration of IGF-II is found 10 times greater than the level of IGF-I (Frolick, G.A. et
al., 1988; Mohan, S. et ah, 1986).
Ground Substance
In addition to the collagen and non-collagenous proteins in the organic fraction of
bone, an amorphous ground substance is present. It is a homogeneous and colorless,
complex mixture that is very viscous, located between cells and fibers of the connective
tissue. Two classes of components comprise ground substance in bone:
glycosaminoglycans and proteoglycans. Glycosaminoglycans, also known as
mucopolysaccharides, are linear polysaccharides formed from uronic acid, hexosamine,
and repeating disaccharide units. When the linear chains become covalently connected to
a protein core, they form a proteoglycan molecule. The ability of glycosaminoglycans to
bind with collagen provides the ability for bone matrix mineralization (Frost, H.M.,
1963). Although their exact mechanism of function in bone is not clearly understood,
they are thought to help provide a medium for calcium deposition (Guyton, A.C., 1992;
Hall, B.K., 1992).
Bone Mineral
The mineral component of bone is composed primarily of calcium, phosphate,
magnesium, and carbonate. However, to a lesser degree, sulfur, calcium carbonate,
citrate, fluoride, and potassium, magnesium, and sodium ions (Johnson, K.E., 1991;
Mclean, F.C., 1955; Mellors, R.C. et al., 1964) are also present. This inorganic fraction
of bone represents a significant volume of bone matrix, approximately two-thirds of total
bone weight (Green, J., 1994; Junqueira, L.C. et al., 1992), where calcium alone
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represents approximately 39%. Morphologically, the inorganic substance of bone
appears homogeneous under the light microscope. However, the use of the electron
microscope allows characteristic crystallites to be seen. These crystals have been shown
by X-ray diffraction studies to be comprised of calcium and phosphorous in the form of
hydroxyapatite crystals with the composition (CA)10(PO4)6(OH)2 (Burr, D.B. et al., 1988).
Although the exact molecular structure of these crystals has not been agreed upon by
everyone, the general consensus suggests that it is very similar to calcium
hydroxyapatite. The results from electron microscope and X-ray diffraction studies have
led researchers to describe the crystals as tablets (Robinson, R.A., 1952) or as tablet, rod,
and needle-like (Ascenzi, A. et al., 1990) crystals.
Recent evidence suggests that in addition to the crystalline structure of these
united ions, another non-crystalline form of amorphous calcium phosphate is present.
Howell, D.S. (1971) indicates that this primitive phase of calcium phosphate is
abundantly present in bone. Harper, R.A. et al. (1966) also found this amorphous,
noncrystalline calcium phosphate, and indicated that the amorphous phase has a tendency
to become unstable, which can convert to the stable crystalline form post-mortem. If
true, this may account for the reasons why past researchers studying bone in-vitro have
identified the crystalline form in their findings.
Future determination of the exact crystal shape and location in bone may
contribute to a deeper understanding to the properties of the tissue. Ascenzi, A. et al.
(1965) indicate that the mineral form “bands” that correspond to the collagen periodicity.
Glimcher, M.J. (1976) suggests this as well, but that the mineral corresponds to the
“holes” of collagen, suggesting that the crystals fit into the holes perfectly. The exact
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relationship between the inorganic and organic components are still completely unknown
(Bonucci, E. et ah, 1970; Bonucci, E., 1995). Gorski, J.P. (1998) suggests that the
relationship may vary according to the type of bone, while Pugliarello, M.C. et ah (1970)
state that the relationship may change during bone calcification.
The importance of this bone fraction in bone strength was shown by mechanical
testing on excised trabecular bone by Genant, H.K. et ah (1991), Gliier, C.C. (1994), and
Mitton, D. et ah (1997). Post testing mineral measurements indicated that bone mineral
density explained between 58-93% of the variability in compressive bone strength.
Water Content in Bone
Contrary to the common expression, “...as dry as a bone,” there is a considerable
amount of water in cortical bone. Completely unmineralized bone matrix contains
approximately 90% water by weight. The actual quantity of water in mineralized bone
has been shown to vary, however, by different researchers, and by the type of bone.
Aeby, K. (1872) reported that fresh cortical bone from the femur and tibia of man has a
water content of 12.21%. On the other hand, Hiilsen, K.K. (1896) investigated the water
content of bone at 105° C and found that fresh cortical bone from an adult human tibia
had 19.78% water, while similar specimens from a newborn infant had 28.06% water.
The water content of bone, according to Neuman, W.F. et al. (1957) varied from 60% in
forming bone, to 10% in senile cortical bone. Evans, F.G. et al. (1951) had made
standardized specimens from embalmed femoral cortical bone from a 78-year-old man,
and dried them in a vacuum oven for several days at 105° C, and subsequently reported
that the specimens had lost 12% moisture before a constant weight was achieved.
Although the amount of moisture has been shown to vary, when bones are mechanically
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tested in-vitro, the amount of moisture present is an important factor which must be
considered. The research literature has shown considerable variation in the mechanical
properties of bone — especially its strength characteristics — when researchers test
bones with either different moisture content, or when they test fresh or embalmed
specimens.
Bone Formation and Remodeling
Bone Development
Osteogenesis occurs from condensations of embryonic connective tissue, or
mesenchyme, in either of two ways: through intramembranous ossification, or
intracartilagenous ossification. If bones develop directly in areas of vascularized
mesenchyme, an embryonic connective tissue membrane, they form in a process called
intramembranous ossification. The bones that develop through this membrane include
the flat facial bones, the mandible, clavicle, and calvarium. Bones that develop indirectly
through a cartilagenous model, form through intracartilagenous ossification. These
include the axial and appendicular skeleton, such as the long bones. The only difference
between the two mechanisms of osteogenesis is the environment, as the process of tissue
formation is the same for both.
In the process of ossification in the cartilagenous model of a long bone, a primary
ossification center appears near the future diaphyseal region (shaft) (Reddi, A.H., 1994).
Different bones will have their primary center appear at different times, however, most
become visible between the 7th through 12th weeks of prenatal life. The primary centers
grow throughout the shaft and, by birth, have almost reached the ends of the
cartilagenous model. During later stages of embryonic development, secondary
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ossification centers arise at the center of each end of the long bone. These secondary
centers have a function similar to that of primary centers; however bone growth in
secondary centers is radial, whereas in primary centers growth is longitudinal.
Both centers continue to grow, and when ossified, the shaft becomes the
diaphysis, and the ends become the epiphyses. The metaphysis — a region of cartilage
between the diaphysis and each epiphysis — allows the diaphysis to lengthen by the
proliferation of cartilage — of the epiphyseal plate — within this region. After
proliferation, the cartilage from this plate subsequently becomes ossified, thus
lengthening the bone. As a result, the primary and secondary ossification centers do not
fuse until the bone has reached its full, adult length, and the epiphyseal plate itself
becomes ossified.
Bone growth in diameter — or thickness — occurs differently than growth in
length. In long bones, for example, simultaneous bone resorption and bone formation
occurs. Osteoclasts resorb bone inside the canal, on the endosteal layer, while
osteoblasts produce bone on the outside, or periosteum. By this appositional growth, a
bone with a larger diameter as well as a larger medullary cavity is produced.
Recent evidence by Lee, E.R. et al. (1995) suggest that a new form of cell may be
responsible in the resorption of the cartilage in the growth plate. Naming this cell
septoclast, it resembles the osteoclast in several ways. They found this cell to have a
ruffled border, an area of active bone matrix resorption, resembling that found on the
osteoclast. Similarly, they found that this new cell was also rich in cathepsin B
(cathepsin B is a cysteine protease found in the cell lysosomes of mammals (Barret, AJ.
et al., 1988)). However, unlike the multi-nucleated osteoclast, this different cell has only
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a single nucleus. Furthermore, this cell did not immunostain by a monoclonal antibody
that recognizes a specific protein characteristic of osteoclasts, macrophages, and
monocytes. As a result, the active resorption of the growth plate may be mediated
through several cell types.
Bone Vasculature
Bones are abundantly supplied with nourishing arteries to maintain their function
and growth, as well as to regulate ion concentrations in the circulatory system necessary
for cellular function. Periosteal arteries enter the bone through the periosteum and travel
into compact bone at several locations. Near the middle of the shaft of the bone, a
nutrient artery passes through the angular nutrient foramen and into the center of bone. It
then subsequently branches and travels longitudinally, parallel to the long axis of bone,
feeding cortical and cancellous bone and marrow with nourishment. Red marrow is
richly supplied with blood vessels, as it is active in the production of blood.
Two of the three other types of arteries that supply the proximal and distal ends of
bone tissue are the metaphyseal and epiphyseal arteries. These arteries generally arise as
tributaries from the main arteries that supply the adjacent joint. They are of great
importance due to the fact that they nourish the epiphyseal cartilagenous (growth) plate,
and will hinder growth of the bone if they are absent, occluded, or otherwise limit normal
blood supply. This epiphyseal plate separates the metaphyseal and epiphyseal arteries
during pre-pubertal bone elongation and growth. The final types of blood vessels, as the
name implies, are articular arteries that supply the articular ends of bones. These arteries
enter through vascular foramina located at the end of the bones.
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Veins accompany these arteries of bones, and are especially numerous if the bone
has red marrow. Many of the large veins exit the bone primarily through foramina
located at the articular ends.
Lymph vessels are a third type of bone vessel. They are especially abundant in
the periosteum.
Nerve Innervation of Bone
Nerve fibers primarily innervate cortical bone by following accompanying blood
vessels in Haversian systems and Volkmann’s canals. These nerves are primarily
vasomotor nerves, causing the direct dilation or constriction of vessels. However,
periosteal nerves are also abundantly present, and innervate the periosteum of bone. The
periosteum is rich in sensory nerves, and are especially sensitive to tensile forces, or at
extremes, tearing. The severe pain following bone fracture is the result of this caustic
disruption of the periosteum.
Nutritional Influences on Bone
Bone requires adequate nutrition for normal growth and maintenance
(DeVemejoul, M.C. et al., 1984). Vitamins C and D, as well as calcium, are especially
important.
Vitamin C, also known as ascorbic acid, is a white crystalline substance having
the formula C6H806. It is found in citrus fruits, green leafy vegetables, and tomatoes, and
is a necessary enzyme cofactor that is required for proper collagen synthesis. Deficiency
of this vitamin causes scurvy, or scorbutus, characterized by spongy, swollen, bleeding
gums, and disturbs tooth formation. It hinders normal bone development, and also causes
hemorrhages, and extreme body weakness.
33

Vitamin D is a group of fat-soluble sterols that promote the retention of calcium
and phosphorus, thus aiding in bone formation by promoting normal calcification. It is
found primarily in fish liver oils, but can be formed in the body upon exposure of the skin
to sunlight. A lack of vitamin D causes rickets in children, and osteomalacia in adults
(Boyce, B.F. et al., 1992), diseases marked by softening of the bones due to faulty
calcification. Vitamin D is also known as the sunray vitamin and as antirachitic factor.
The importance of vitamin D in bone maintenance and strength has been well established
(Aerssens, J. et al., 1994; Nieves, J. et al., 1994).
Woven, Lamellar, and Parallel-fibered Bone
Woven bone is also known as primary — or immature — bone. This type of bone
lacks organization, likely because tissue is laid down very quickly and is not guided by
applied forces. It is characteristically found in the fetus and in the callus created during
the repair of fracture, where the speed of bone deposition is of importance. The collagen
in woven bone is fine fibered, with an approximate diameter of 0.1 pm, and oriented
almost randomly. Although woven bone has osteocytes and blood vessels, the spaces
surrounding the blood vessels are large. The osteocytes are found in lacunae, or cavities,
and communicate with adjacent osteocytes and blood vessels through thin channels, or
canaliculi. This type of bone is temporary, as it is replaced by lamellar (secondary) bone
during growth. It is replaced by secondary bone in two separate ways: 1) the bone can
be eroded away on the surface, with subsequent new bone deposition, or 2) Haversian
systems, or osteons, can be formed. However, the formation of Haversian systems tends
to lead to more Haversian systems being produced. Eventually, bone may become
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completely occupied by Haversian systems, with interstitial lamellae — remnants of
older, and usually smaller, pieces of bone — between them.
Lamellar bone, also known as secondary bone, or mature bone, is unlike woven
bone in that the tissue in lamellar bone is laid down much more precisely and slowly
(Ziv, V. et ah, 1996). The collagen and mineral are neatly arranged in sheets — or
lamellae — having a thickness of five micrometers; however, the mineralization of
lamellar bone is less than that found in woven bone. The collagen fibers in each lamella
are oriented at an oblique angle, almost normal to the short axis of the lamella, but lying
in the plane of the lamella. Ascenzi, A. et al. (1970) indicate that the collagen fibrils in a
particular lamella are all oriented in the same direction. However, others including
Frasca, P. et al. (1977) and Boyde, A. et al. (1969) disagree, indicating that the fibrils in
many lamellae are in “domains” of approximately 30-100 pm wide; and that within a
domain, the fibril orientation is constant, but changes from one domain to the next within
one lamella. Additionally, unlike woven bone, the collagen in lamellar bone forms
branching bundles, approximately 2-3 pm in diameter. The osteocyte lacuna in this type
of bone is oblong and spherical, approximately five times longer than it is wide, and
oriented in such a way that the shorter axis of each lacuna is oriented within the short
axis of the lamella. Resting lines approximately 0.1 pm thick, separate adjacent lamellae.
Although the collagen fibrils in one lamella are not all unidirectional, it does appear that
the fibrils in each adjacent lamella have a directional preference.
Parallel-fibered bone has features characteristic to both woven and lamellar bone.
It is highly calcified, but the collagen fiber bundles are not totally random in their
organization as present in woven bone.
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Plexiform bone, also called laminar or fibrolamellar bone (Currey, J.D., 1960), is
found particularly in large mammals whose bones need to grow in diameter very quickly.
Although laid down quickly, the speed of formation is slower than that of woven bone.
Effects of Aging
The properties of bone have been shown to change with increasing age (Boyce,
T.M. et al., 1993; Boyde, A. et al., 1995; Heaney, R.P., 1993; Heath, H. et al., 1990;
McCalden, R.W. et al., 1993; Nielsen, C.T. et al., 1978; Parfitt, M.A., 1991; Smith, J.W.,
1963), as aging affects both the cells of a tissue and its extracellular matrix. Osteoblasts,
for example, can have three different fates: 1) some die, possibly akin to apoptosis,
2) some become bone lining cells, or 3) the rest become osteocytes (Parfitt, M.A., 1993).
In addition to bone cells, the mineral fraction also changes (Bradbeer, J.N. et al., 1994).
For example, the ratio in the quantity of organic to inorganic matter in bones varies with
age. Organic matter is greatest during childhood, and as such, the bones of children have
much greater flexibility than those of adults.
In general, however, there is an increase in the mineral content of the bone tissue
with increasing age (Bauer, D.C. et al., 1996; Grynpas, M., 1993; Hsu, E.S. et al., 1993;
Iwamoto, M. et al., 1994; Martin, R.B. et al., 1980). Strandh, J. et al. (1965), for
example, found that an increase in age was associated with a higher calcium content and
increased density of bone. Further, it was found that nitrogen, measured by unit weight,
decreased with age; however, when measured by volume, no difference was observed.
They concluded that the changes with age consisted of the deposition of bone salt within
the lacunae and Haversian canals, and not the replacement of the organic fraction by the
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salt. This was in contrast to the findings by Melick, R.A. et al. (1966), who did not find
any significant changes in the quantity of calcium or organic content with increased age.
The size of the apatite crystals has been found to vary with age as well. Using
scanning electron microscopy, Chatteiji, S. et al. (1968) found that crystal size increased
with age, and because of this, bone became less pliable compared to younger bone that
had smaller crystals which would allow more bending. Additionally, in another
experiment, they used x-ray diffraction to study apatite crystals and collagen. Their
findings indicate that at birth, the crystals and collagen had a random pattern, which
became more oriented and less random with increased age. This is consistent with woven
bone found in the fetus, and lamellar bone found with increased age.
When Jowsey, J. (1960) studied age changes in human cortical bone from the
femur, she observed that the level of resorption varied with increasing age. Young
individuals showed a high percentage of both bone formation and resorption, indicating a
high turnover rate. This was in contrast to the young adults, who had a remarkably low
turnover rate, with little bone formation and erosion. Jowsey also reported that in normal
aging persons, an increase in age was associated with an increase in Haversian canal
occlusion and the filling of lacunae. Although plugged canals and filled lacunae were
also found in young adults, they were found only occasionally compared with older
individuals. Later in life, a gradual increase in the amount of bone resorption was
noticed, especially in the endosteal region. Brockstedt, H. et al. (1993) and Wishart, J.M.
et al. (1995) similarly found that a reduction in cortical bone mass was found in elderly
people compared to younger people, and that in men, bone loss accelerated at most sites
after age 50, suggesting an age-related remodeling imbalance.
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Mechanical testing of bones by several researchers (Martin, R.B. et ah, 1989;
McCalden, R.W. et al., 1993) revealed that the strength of bones varied with age changes.
Martin, R.B. et al. (1989), for example, found that the breaking strength (ultimate
breaking strength) during the bending of wet femoral specimens, was highest (173 MPa)
on specimens from the 20-30 and 30-40 age groups, and lower on specimens from the
other younger and older age groups (10-20, and 40-50, etc.). The strength of bone,
therefore, achieves its best strength and stiffness at maturity, approximately 35 years for
humans (Mauch, M. et al., 1992; Zioupos, P. et al., 2000).
Bone Remodeling
Bone is always in a slow process of change, with old bone being resorbed,
followed by new bone formation. In healthy bone, this process — called bone
"remodeling" or "turnover"

occurs in two- to three-month cycles in such a way that

the bone maintains its normal form, density, and strength (Janes, G.C. et al., 1993;
Kerstetter, J.E., 19xx; Martin, R.B., 1991; Parfitt, A.M., 1994). In bone remodeling, cells
called osteoclasts dissolve (resorb) old bone, leaving tiny cavities behind (Cielinski, M.J.
et al., 1994; Galvin, RJ. et al., 1994).
Under normal conditions, the rate of bone deposition and resorption are equal to
each other through a balance that exists between osteoclasts and osteoblasts. This results
in continual turnover of bone matrix without an appreciable change in total bone mass or
significant change in bone geometry (Ross, P.D. et al., 1993). At any given time,
osteoclasts are actively resorbing bone (on about 1% of all adult bone surfaces), and
osteoblasts are continually forming bone (approximately 4% of all adult bone surfaces).
This continual deposition and resorption of bone are important for several reasons:
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1) bone remodels to adjust its strength in proportion to the degree of stress placed on it
(Wolffs Law) (Chamay, A. et al., 1972; Currey, J.D., 1962; Turner, C.H., 1992);
therefore, bones will increase in size (thickness) when subjected to heavy loads (e.g., legs
of a body builder), or will decrease in size (thinner) when not being used (e.g., leg in a
cast); 2) new organic matrix is needed to replace the degenerating old organic matrix to
maintain bone toughness; 3) mineral homeostasis is regulated with bone remodeling; 4)
microdamage can be repaired; and 5) large fractures can be repaired. However, in some
diseased states, bone remodeling becomes unbalanced (Forgacs, S. et al., 1972; Mundy,
G.R., 1987; 1990; Rosenbloom, A.L. et al., 1977; Riiegsegger, P. et al., 1991; Santiago,
J.V. et al., 1977; Wuster, C. et al., 1993). An example of this includes senile
osteoporosis, where bone resorption dominates, and bone formation lags behind; this
results in bone density decreasing — or porosity increasing — causing bone fragility
(Frost, H.M., 1985; Lazenby, R., 1986; Melsen, F. et al., 1996). Osteoporosis (literally,
"porous bones") is a disease that thins and weakens the normally strong, dense, mineralrich material that bone is made of. As the diseased bones lose density, they also lose the
solid strength they need to support the body's weight (Kroger, H. et al., 1994). A person
with osteoporosis is more likely to fracture a bone during a fall or accident, with most
fractures occurring in the spine, hip, or wrist (Delmas, P.D., 1992). In the U.S., more
than 1.5 million bone fractures from osteoporosis occur every year, mostly in older
women. Additional examples include Paget’s disease, osteoid osteoma, and
osteoblastoma, where localized regions of bone have increased bone formation.
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CHAPTER 3
PREVIOUS INVESTIGATIONS ON CEMENT LINES

Cement Lines
Although the osteonal cement line has not received rigorous anatomical and
histological examination compared to other features of bone, its role in compact bone is
of paramount importance. Since 1958, it has been variously implicated in fracture
processes, energy absorption, viscous damping and elastic function, and fatigue processes
by a variety of prominent researchers (Ashman, R.B. et ah, 1987; Burr, D.B. et ah, 1985;
Carter, D.R. et ah, 1977; DeFrese, R.J. et ah, 1993; Gottesman, T. et ah, 1980; Katz,
J.L., 1993; Lakes, R. et ah, 1979; Martin, R.B. et ah, 1982; Piekarski, K., 1970).
Schmidt, W.J. (1959) used polarized light to thoroughly investigate cement lines in
collagen-free bone sections, but found no evidence of a specific cement substance
differing from the main ground substance. This raised the question whether the cement
line is a real structure, and hypothesized that it may actually be an optical artifact created
by osteonal edge overlap. Since then, however, the available research including recent
ultrastructural evidence (Frasca, P., 1981; Nakamura, H. et ah, 1992; Tran Van, P. et ah,
1982) indicate that cement lines are not only a real morphologic structure, but also have
functional importance within compact bone.
It has been suggested that cement lines have rather paradoxical properties. Upon
fatigue fracture of bone, a predominant type of microcrack has been observed to follow
along neighboring cement lines (Figure 4). Since these interfaces are closed surfaces,
cracks are likely to become trapped within the confines of the cement line. This trapping
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and subsequent dispersion of energy have been hypothesized to prevent a complete
fracture from occurring, and thus extend the life of bone.

Figure 4. Histological photograph of a microcrack along osteonal cement lines
(Toluidine blue x 100)
Morphology
The cement line was first identified and named 'Kittlinien' by von Ebner in 1875;
it is a structure found primarily in compact bone, but has also been identified in
trabecular bone (Choi, K. et al., 1992). It has been identified having a thickness of 1 pm
(Sokoloff, L., 1973), 1-2 pm (Bronner, F. et al., 1991), between 1-5 pm (Burr, D.B. et al.,
1988), and >5 pm (Philipson, B., 1965), and is easily observed in histological sections
stained with toluidine blue (Zhou, H. et al., 1994), Harris' hematoxylin (Frasca, P., 1981),
and Delafield's hematoxylin (Pizzolato, P. et al., 1968). Transmission electron
microscope studies by Tran Van, P. et al. (1982) have identified cement lines as a
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calcified surface layer on the bone resorption surface in remodeling rat alveolar bone,
which may be preceded by the appearance of carbohydrate complexes (Kagayama, M. et
ah, 1993; Nakamura, H. et ah, 1992). During the formation of new bone during
remodeling, a preliminary ground substance — or globular matrix — is deposited, which
increases in size and fuses laterally, forming a continuous cement layer. As a result, the
cement line is located at the periphery of the cylindrical Haversian system or osteon. A
typical osteon is 3 mm to 6 mm in length, has an average diameter of 0.3 mm (Bonucci,
E., 2000; Cormack, D.H., 1987), and is parallel to the long axis of the bone. Osteons
have approximately 4-20 concentric lamellae surrounding a central canal roughly 40-50
pm in diameter (Junqueira, L.C. et ah, 1992). Each osteon is separated from the adjacent
tissue (either interstitial lamellae or another osteon) by the thin proteinaceous cement
line.
Composition
Studies pertaining to the chemical composition of bone indicate that the principal
candidate constituents of the cement line include both organic and inorganic components
(Fawns, H.T. et ah, 1953). Of the organic components, an amorphous ground substance
composed of glycosaminoglycans (GAGs) and proteins — including chondroitin-4sulfate, chondroitin-6-sulfate, and keratan sulfate — are predominant. In addition to this
organic component, the inorganic component has a wealth of calcium and phosphorous,
primarily in the form of hydroxyapatite crystals (Ca10 (P04)6 (OH)2), along with an
amorphous (non-crystalline) calcium phosphate (Sokoloff, L., 1973). Sulfur has also
been observed in the cement line (Schaffler, M.B. et ah, 1987; Burr, D.B. et ah, 1988).
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Schaffler, M.B. et al. (1987) examined human radii by using scanning electron
microscopy, electron microprobe, and histochemical techniques to address two principal
areas of morphological ambiguity: 1) the mineralization of the cement line relative to
surrounding bone matrix, and 2) the presence — or lack thereof— of noncollagenous
organic matrix components within the cement line. Their results from electron
microprobe analysis indicate that cement lines are less mineralized than the surrounding
bone matrix. Cement line calcium and phosphorous intensities were significantly lower
than those in either interstitial lamellae or osteonal lamellae; however, cement line sulfur
was actually increased. Since the main inorganic component in bone is in the form of
hydroxyapatite crystals (Ca10 (P04)6 (OH)2), they further looked at the molar ratios of
calcium and phosphorous to identify any differences. They observed that the cement line
Ca/P molar ratio was significantly higher than in any surrounding area of bone, and
suggested that the mineral in cement lines may not be in the form of mature
hydroxyapatite, but perhaps calcium carbonate. The findings by Schaffler, M.B. et al.
contrast the findings by Philipson, B. (1965), who investigated orangutan and whale
bones, and found that cement lines showed only a slightly higher difference in the degree
of mineralization compared to adjacent osteons, with no difference in sulfur
concentration. Such discrepancies may be attributed to the different models used in
obtaining these measurements.
Their results from scanning electron microscopy indicated that cement lines are
topographically indistinct from other areas of bone. However, images generated by using
back scattered electrons (BSE), which are produced by interactions of incident electrons
with the various elemental masses within the specimen, revealed a distinct morphology
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for cement lines. Because BSE reflect the mass density of the region being imaged, the
dark-band appearance of cement lines indicates that they have not only less mass, but that
they are compositionally different from surrounding bone.
Histochemical examination of bone sections with periodic acid-Schiff (PAS)
reaction did not reveal any staining in cement lines, suggesting that little, if any,
glycoprotein was present. Additionally, the use of Sudan black B and the alcian blue
CEC technique did not reveal a lipid content nor a varying prevalence of
glycosaminoglycans, respectively, within cement lines.
That cement lines 1) are both less highly mineralized and differently mineralized
than surrounding bone matrix, and 2) have increased sulfur levels, suggest that cement
lines may be more mechanically compliant than surrounding bone. This may help
explain the reason why microcracks in bone tend to enter and follow cement lines. By
acting as a weaker interface between osteonal and interstitial bone, an above “threshold”
stress would thus potentially cause microdamage to start and follow along the plane of
the cement line — the location of least resistance.
Of equal importance in understanding cement line strength are the previous
findings by Weidenreich, F. (1930) and Weinmann, J.P. (1947). Utilizing silver
impregnation techniques, they were unable to demonstrate collagen within the cement
line, unlike surrounding bone tissue. Similarly, Frasca, P. (1981) was also unable to
demonstrate collagen fiber presence using scanning electron microscopy. When taking
into account the greater frequency that microdamage occurs along cement lines, the lack
of collagen within this structure seems to provide a valid reason why microcracks tend to
follow such lines, rather than randomly throughout bone tissue. The two main
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components of bone — hydroxyapatite and collagen — influence overall bone strength,
although by unique mechanisms (Landis, W.J., 1995). Hydroxyapatite lends strength by
its overall hard nature, whereas collagen fibers allow for compliance in the tissue and
resist tensile stresses. However, an absence of collagen fibers within cement lines would
decrease compliance in this region compared to the surrounding bone, thus leaving an
area for easier microdamage production.
Fatigue Failure and Remodeling
It has been suggested that cement lines have rather paradoxical properties. Upon
fatigue fracture of bone, microdamage appears in the bone matrix (Schaffler, M.B. et al.,
1990). A predominant type of microcrack has been observed by many researchers to be
located along cement lines, or following neighboring cement lines. Since these interfaces
are closed surfaces, cracks are likely to become trapped within the confines of the cement
line. This trapping and subsequent dispersion of energy have been hypothesized to
prevent a complete fracture from occurring, and thus extend the life of bone.
Bone is a very dynamic tissue which is constantly undergoing remodeling. This
change in internal architecture allows bone to adapt to the demands placed onto it, thus
strengthening areas of tissue at locations where there is increased stress. Wolff, J. (1982)
hypothesized that “Every change in the... function of bone...is followed by certain definite
changes in...internal architecture and external confirmation in accordance with
mathematical laws.” It has been suggested by Mori, S. et al. (1993) and Burr, D.B. et al.
(1993) that cortical remodeling, or bone strengthening, is initiated after fatigue damage.
The results by Burr, D.B. et al. on loaded canine radii revealed that microcracks
predominantly followed cement lines. They also found that microcracks were associated
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with bone resorption spaces 44 times more often than expected by chance alone,
suggesting a relationship between microdamage production and intracortical remodeling.
Furthermore, it also emphasizes the capacity of bone to preferentially repair
microdamaged areas of bone cortex.
Although microcracking can occur in virtually all bones, one predominant site is
within the tibia. Devas, M.B. (1958) wrote that “shin soreness” is caused by a particular
type of stress fracture of the tibia, which is often difficult to diagnose because it is an
incomplete fracture. Furthermore, it usually involves only one cortex of the bone and is
not seen in radiographs until a later stage, specifically after the resorption of bone by
osteoclasts. The location of stress fractures has been shown to be “exercise-stress”
dependent by both Burrows, HJ. (1956) and Devas, M.B. (1958): athletes had stress
fractures concentrated in the middle to lower third of the tibia, ballet dancers in the
middle third, and military recruits in the uppermost third. Therefore, it suggests that the
histiogenesis of bone microdamage varies in location by the type of activity, and likely
its duration and intensity.
Carter, D.R. and Hayes, W.C. (1977) studied the fatigue behavior of bovine
femora in 4-point loading {in-vitro), and found that repeated loading on the tissue caused
a progressive loss of both the ultimate strength and stiffness, and an increase in
permanent deformation. Upon microscopic examination, they found that the most
extensive damage was located on the compression side of the bone, consisting of oblique
cracking and longitudinal splitting. The damage on the tension side of bone, in contrast,
was more subtle. This consisted primarily of separation — or debonding — at the
cement lines located around complete osteons as well as around partially resorbed
46

osteons in the interstitial regions of compact bone. Upon higher magnification at these
areas of separation, they found significant fibrous tearing and bridging through the
cement lines. Furthermore, they found that these microcracks tended to enter and follow
adjacent cement lines. This was consistent with Frasca’s work (1976).
Li, G. et al. (1985) performed a similar experiment in-vivo using rabbits that were
forced to jump at a specific frequency and period to initiate fatigue fractures. This was
performed utilizing a special cage with an electrically stimulated floor. Upon histologic
examination of the rabbit tibiae at specific periods, they observed microcracks along
cement lines after the 10th day of electrical stimulation, primarily in the anterior and
medial regions of the tibia. The location of cracks is consistent with the findings by
Devas, M.B. (1958) on a twenty-one-year-old male runner. Li, G. et al. further noticed
an increase in micro fractures as the days increased until day 50, at which time they
observed a complete fracture. However, most of the tibiae demonstrated bone
remodeling without visible fracture lines, suggesting that either 1) the experimental
period was too short, 2) the severity of the exercise program was too low, 3) the tibiae
may gradually adapt to the stress environment via internal remodeling in order to prevent
a complete fracture from occurring, or 4) a combination of these factors. These
suggestions have been supported by other researchers, including Burr, D.B. et al. (1985).
There appears to be no lack of information pertaining to cement line involvement
in fatigue fracture. Despite no definitive consensus on the structure or composition of
cement lines, compelling research seems to indicate that microcracks are arrested and
trapped within the osteon due to the unique concentric lamellar structure of osteons, and
that when microcracks are created by debonding or separation along the cement lines,
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physiological changes occur, thus initiating a new secondary osteon and the repair
process. Our present understanding of the morphology and histology of cement lines
seems to indicate that although crack initiation may be easier to start along and within the
cement lines, crack propagation, however, may indeed be more difficult. The role of the
cement line in compact bone thus has unique paradoxical characteristics.
Summary
The role of the cement line on the mechanical behavior of bone appears
paradoxical in nature. It would permit relatively easy crack initiation in Haversian bone,
but on the other hand, it would prevent or slow any significant crack growth by
dispersing the energy — laterally and longitudinally — between and along adjacent
cement lines. Furthermore, as shown by Burr, D.B. et al. (1985) and Mori, S. et al.
(1993), cracks can be repaired through bone remodeling. As a result, it can be postulated
that microcrack initiation and growth along cement lines may not be as deleterious to the
bone as would be the rapid propagation of cracks in bone without cement lines.
Although cement lines have been associated with bone microdamage, direct
research on this structure is lacking. Previous investigations have either provided
compositional values and references, or visual observations that associate microdamage
with cement lines. As a result, detailed quantitative data on the morphology of cement
lines is lacking in the literature. Further, the relationship between cement line quantity
and overall bone mechanical properties, age, and gender have not yet been investigated.
Therefore, the objective of this study is to quantify the cement line in human tibiae, and
to correlate this quantity with age, gender, and the mechanical properties of bone as both
a structure and as a material.
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CHAPTER 4
MATERIALS AND METHODS

The materials and experimental procedures used in this research are described in
this chapter. This chapter is divided into two parts, each part pertaining to the materials
and methods employed for the two separate mechanical tests. Although there is some
duplication, for example the use of the image processor to quantify microstructure,
separate characterization was necessary, as the preparation of samples and the
mechanical testing setup varied tremendously between the two experiments. When the
materials and methods in Part II followed that of Part /, a reference is made to the first
part, thus preventing verbosity. However, in general, this chapter includes descriptions
of 1) the source of bone, 2) the method of preparation and storage of this tissue, 3) the
methods used during the bending tests, and 4) the use of the image processor to quantify
microstructure. The method followed to calculate cement line quantity from the digitized
images is also included.
Part I
Materials
Sample Acquisition and Preparation
The first segment of this investigation used human cadavers previously dissected
during the gross anatomy medical classes. These cadavers had therefore been embalmed
prior to use. The length of time these cadavers were used by the medical students varied,
but it is assumed that the bones were kept relatively moist, and never allowed to dry
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completely. Medical histories were examined to ensure that, prior to death, the
individuals did not have any history of bone disease.
Bone diseases, such as Paget’s disease, osteoid osteoma, and osteoblastoma are
characterized by increased bone growth and remodeling, and abnormal bone structure
(Hall, B.K., 1990; Meunier, P.J. et al., 1995; Torres, R. et al., 1991). According to Mirra,
J.M. et al. (1995), they can have a prevalence as high as 3% of the population. Because
these bone diseases affect healthy bone by abnormally deviating the tissue from the
normal degree and rate of bone remodeling, the mechanical properties of the bone may
subsequently be altered.
Although these diseases can affect any bone when present, the tibiae are the most
commonly affected bones. Since this research used human tibiae during testing, it was of
paramount importance to identify and eliminate possible diseased bone from the sample
in an attempt to minimize the possible alteration to the mechanical testing results from
normal, disease-free bone by such diseases.
A total of twenty-one human tibiae from 12 cadavers was harvested, including 4
male and 8 female subjects. The ages ranged from 61 to 99 years at the time of death.
All bones were stripped of soft tissue, labeled, and then kept relatively moist by placing
them into plastic bags. During this part of the experiment (Part I), bones where not
sealed airtight, and although the bones were not allowed to completely dry, some ambient
drying was noted to occur.
Fixation
Preserving bone specimens prior to mechanical testing is an important, and often
necessary step. Although it is ideal to be able to use fresh, living bone during testing, it
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is usually not easily available. When time must elapse between the point a specimen is
harvested, acquired, or extracted, and actual testing, the bone must be preserved. Three
common types of bone preservation include: 1) freezing, 2) alcohol fixation, and 3)
formalin fixation.
Fixing human tissue is used to both preserve the micro structure and to prevent the
tissue from being contaminated by a variety of pathogens. Currently, formaldehyde is the
most widely used fixative (Leong, A.S. et al., 1989) and has been used for more than a
century (Fox, C.H. et al., 1985); however, the mechanism of its binding to tissues is not
well understood. Formaldehyde has a molecular weight of only 30, and Fox, C.H. et al.
(1985) indicate that such a molecule would penetrate tissues more or less independently
of its concentration. However, the actual speed of fixation depends on the rate of fixative
diffusion into the tissue as well as the rate of the chemical reactions with various tissue
components (Helander, K.G., 1994).
Formaldehyde has a natural tendency to be oxidized, subsequently producing
formic acid. Because this oxidation may occur quite readily in the presence of
atmospheric oxygen, several schemes have been developed to either remove the formic
acid as it is formed, or neutralize the hydrogen ions that are produced. For example, a
buffer solution, usually in the form of a phosphate salt, can be added to maintain the pH
of the solution at a desired level.
Because of the risk that human bone samples may be contaminated with a variety
of pathogens, bones are often fixed prior to mechanical testing. However, chemical
fixing of bone may have an effect on the subsequent results of the mechanical testing.
Fox, C.H. et al. (1985) indicate that formaldehyde is a reactive electrophilic species that
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reacts readily with biological macromolecules in a cross-linking fashion, altering the
physical characteristics of tissues. Such cross-linking may subsequently alter the
mechanical properties of either the organic or mineral component of bone, or both.
For this research, numerous cadaveric tibiae were required for mechanical testing.
These tibiae became available and were harvested from cadavers used in gross human
anatomy classes taught to medical students. Although these bones had been previously
fixed in formalin, much of modern-day research supports its use to investigate the
mechanical properties of bone (Boskey, A.L. et ah, 1982; Currey, J.D. et ah, 1995).
The embalming solution used in the preparation of these bones and the percentage
of each chemical is shown in Table 1. The ingredients to make each of these solutions

Fluid Type

Temp.
°C

pH

Formalin
(%)

Phenol
(Carbolic
Acid) (%)

Isopropyl
Alcohol (2Propanol) (%)

Propylene
Glycol

Water
(%)

(%)

Embalming
Fluid

19.8

7.82

3.5

5

24

7.5

60

Vat Solution

19.1

6.15

0

2

0

0

98

Wetting
Solution

19.5

7.26

0

2

0

0

98

Table 1. Embalming solution used in the preparation of tissues

has their own unique properties. Formalin is used because of its ability to fix tissues
extremely well. Alcohol has the unique capacity to diffuse directly through tissues.
Phenol, or carbolic acid, is a caustic crystalline compound (C6H5OH) derived from coal
tar, and has several traits. It is used as an anesthetic and disinfectant, and stains muscles
brown, thus compensating for the bleaching effect of alcohol. Glycerin was also added to
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the wetting solution, which reduced the tendency of tissues to become dry during
dissection.
Mechanical Testing
Calibration ofLoad Cell
Prior to testing, the load cell was calibrated in accordance with the Instron Load
Cell manual. Essentially, load cells are precision force transducers. They may vary in
appearance, but in general, they contain strain gauges that are bonded to internal load
bearing structures which become stressed by applied tension, compression, or torque
forces (in servo-hydraulic testing machines only). Of the types of load cell designs, the
“bending beam” style load cell with a 100-pound maximum load capacity was used for
the bending tests. Precise, calibrated reference weights were hung from a fixture on the
load cell in increments of 5 pounds. This number was compared with the stated value
shown on the machine’s liquid crystal display (LCD), and, if needed, adjusted by the
calibration dial. The weight was then removed from the fixture to make sure the value
returned to zero. In most readings, the stated value stamped on the actual weight
corresponded with the value on the LCD screen. When the screen value was different, it
only differed by 0.002 pounds. Deflection of the load cell under a full scale load is
indicated by the manufacturer, Instron, to be extremely small, less than 0.0063 inch for
most of the static cells. Therefore, the possible error introduced in the results by the load
cell was considered negligible.
Bending of Specimen
During a bending test, a whole long bone or machined bone coupon is placed in a
3- or 4-point loading apparatus and loaded until failure. The stress due to bending can be
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calculated using the beam-bending formula:
a = Me /1
where a = stress, M = bending moment, c = distance from cross-sectional center of
mass, and I = cross-sectional moment of inertia around the axis of bending (Turner, C.H.
et al., 1993). Bending causes tensile stresses on one side of the bone, and compressive
stresses on the other. Since bone is weaker in tension than compression, a bending test
failure usually occurs on the tensile side of the bone. This calculation, as well as other
mechanical values, can be automatically calculated by the testing software. The software
used for this study and to calculate the biomechanical values — and to operate the testing
machine — included Series IX LabVantage Database and Series IX Materials Testing
System programs. These are proprietary programs from Instron. Although these
programs are old outdated programs, and can only be executed through native DOS (disk
operating system, either Microsoft or IBM), they were useful in allowing the automatic
calculation of the desired testing values, including load, displacement, yield and break
values (stress, strain, energy), and Young’s Modulus.
A materials testing machine — Instron Model 1011 — was used to test the tibiae.
Prior to actual mechanical testing, recommendations from Instron were followed,
including the warming-up of the load cell for a minimum of one hour. The specimens
were removed from the plastic bag, and blotted with a cloth. Throughout the entire
testing, the tibiae were never allowed to completely dry. Because this type of mechanical
test is relatively easy to perform compared to compressive and tensile testing — which
can require complex grips and even difficult-to-attach extensometers — the bending of
all specimens were performed within one afternoon. This proved especially beneficial, as
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1) the machine did not need to be turned off and on, requiring another calibration to be
performed, and 2) all specimens could be tested under the same, identical environmental
conditions (e.g., temperature, humidity, etc.).
During the actual testing, tibiae were placed in a bending jig made from
aluminum (Figure 5). The distance between the two bottom fixtures (on which the bone
rests) was separated by six inches. The bones were loaded in an anterior-posterior plane,
where the anterior and posterior aspects lie in an imaginary line perpendicular to the table
surface. The central beam was approximated in close proximity to the bone diaphysis
without actual contact. The rate at which the central beam applied its force onto the bone
was decided at 10 mm/min, a rate commonly used by researchers during the mechanical
testing of bone under a static load (An, Y.H. et al, 2000). Each tibia was loaded to

Figure 5. Whole bone bending test - three point load - Part I
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fracture, after which time each specimen was placed back in the plastic bag until sections
could be made.
Histological Examination
Specimen Preparation and Staining
After mechanical testing was performed, thin cross section slices were made. A
Buehler Isomet circular diamond saw was used to make these 200 pm-thin slices. It was
found that all of the loaded tibiae had fractured (or had most of its fracture) located
within the confines of the lower holding arms of the jig. As a result, all slices were made
from the middle one-third of each tibia. However, it is important to indicate that no two
fractures occurred in the same way nor in the same location; therefore, the relative site
from which these 200 pm-thin slices were sectioned had varied. Since the microstructure
adjacent to the fracture site is being studied during this segment, it was important only
that the section be taken as close as possible to this fracture site. A further constraint was
that the section had to be an entire, intact cross-section of tibia. This was necessary, as
the jig on the diamond saw would only allow the bone shaft to be gripped one way,
thereby producing a cut perpendicular to the long axis of bone. These slices were
therefore taken within one centimeter from the fracture site.
To produce this cross-section, each tibia was placed in a jig on the circular
diamond saw (Figure 6). The wafer (Buehler, No. 11-4245) dimensions are 5" diameter
(12.7 cm) x 0.015" (0.4 mm), and included diamond particles at the cutting edge. In most
cases, this meant that the bone was gripped along either the proximal or distal one-third
of the bone. The bone was then cut to remove the irregular fractured area of bone to
produce a smooth, flat surface — a process known as “facing.” A cyanoacrylate “super56

Figure 6. Buehler Isomet circular diamond saw

glue” gel (Devcon Corp.) was applied to the surface of this surfaced face of bone, and a
plexiglass slide was adhered and allowed to dry for five minutes. The use of glass slides
was attempted, however, the glue did not allow adhering of the bone specimen. The
stage micrometer on the saw was then advanced 200 pm, and the bone cutting initiated
(Figure 7). The speed of the blade of the diamond saw rotated at approximately 240-300
rotations per minute (RPM), and was bathed in a water bath with each rotation. This
water bath not only kept the blade cool from the heat produced by friction between the
saw blade and bone, but also removed the fine bone “dust.” Cutting through the
diaphyses with this tool and technique took approximately eight minutes, and was usually
finished within fifteen minutes. This was dependent on the percent of cortical bone to
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Figure 7. Bone and slide preparation using circular diamond saw

cancellous bone that each diaphysis had, as well as the amount of porosity.
The finished slide was then taken to a new work area, and the slide-adhered 200 pm-thin
slices were then sanded down by using fine, “Wet or Dry” 3M sandpaper. Depending on
the amount of material needing removal, 320-600 grit sandpaper was used. This was
necessary, as the ultimate bone-thickness needed to be approximately 100 pm for light
microscopy, and consistent 100 pm-thin sections of bone could not be acquired
consistently with the circular diamond saw. Each bone section was then surfacedecalcified with a 10% hydrochloric acid (HC1) solution. This was performed by simply
placing the slide in a beaker filled with HC1 (10%) and water (90%) for two minutes.
Staining of the bone was performed by the use of a 1% Coomassie Brilliant Blue R stain
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which was applied for two minutes, which produced unique and selective non-staining of
cement lines (Figure 8).

Figure 8. Histological micrograph captured for image analysis (CBB x 100)

Image Processing
After Coomassie Brilliant Blue R staining, these specimens were immediately
taken to a computer workstation for image analysis. Each cross-section was divided into
four anatomical quadrants (anterior, posterior, medial, lateral), and two to three fields
were digitally captured from each quadrant, from two slides for each tibia. This provided
a total of 548 images for quantification. An Olympus CH-2 light microscope (10X
objective) with an attached PULNiX TMC-7 video camera, and commercially available
software (Image Pro, Cybernetic Systems; Visual Basic, Microsoft), were used to obtain
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the digitized image. A program was written in Visual Basic to work as a shell directly
and concurrent with Image Pro during this stereologic analysis.
Cement Line Quantification
Test lines were applied to each digitized field (Figure 9) to determine cement line
quantity. The length of cement lines per unit area (LA) of bone was estimated using the
stereologic relationship in (1):

(1)

La = (3.14 / 2) IL

where IL is the number of intersections per unit length that test lines make with cement
lines.

Figure 9. Histological micrograph marked for stereological quantification (CBB x 100)
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Porosity
Several measurements of bone porosity were also examined. The number of
pores was calculated by simply counting the number of canals (Haversian, or otherwise)
visible in the field. However, as there were some pores found at the field borders, these
pores were only added to the count if the top apex of the pore was visible. To determine
the diameter of each pore, two measurements were taken — the minimum and maximum
diameters from each pore — and the mean calculated.
Statistics
Using the aforementioned techniques, the cement line unit length (pm/pm2),
porosity (%), mean canal number per unit area, and mean canal diameter (pm) were
determined. A professional statistician was hired to aid in the statistical analysis of the
cement line quantification. Analysis of variance (ANOVA) was the statistical test used
to analyze the differences among the four quadrants. ANOVA determines whether or not
there are any differences among two or more groups of subjects on one or more factors.
Using the F test, two different estimates of the population variance (within-group and
between-group variances) are compared (Kuzma, J.W., 1992). To compare differences in
cement line quantity between gender and to compare the mechanical properties of bone,
the t test was used. This statistical test is used to compare two means, and is also used
for testing whether a correlation coefficient (or a regression coefficient) is zero (DawsonSaunders, B. et al., 1994). The tests were calculated using a confidence interval (Cl) of
95%.
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Part II
Materials
Sample Acquisition and Preparation
Similar to Part /, human cadaveric bones were harvested. Their medical histories
kept on record were examined to eliminate any samples with any history of bone disease.
A total of thirty-eight pairs of tibiae were removed, and each was placed into a large,
heavy duty plastic bag, along with a rag soaked with wetting solution. Approximately
100 cc of wetting solution was also added, and the bag was tied tightly, and then placed
into another bag; this procedure was employed to make sure the bones did not dry. With
the aid of an orthopaedic surgeon at a later date, all bones were then removed from their
bags and examined under a portable fluoroscope. This extra measure was taken to make
sure the bones were free of pathological bone disease(s).
The shaft of each tibia was then determined, and divided into thirds. The middle
third of each bone was then marked (Figure 10) to indicate where the bones should be cut
with the diamond saw. This was also necessary to identify the quadrants and the
anatomical side, as once they were cut and blocks made, it would be very difficult to
identify if the block was from the left or right tibia.
Upon examination of the blocks, it was found that some of the cortical bone
regions were too thin to extract a proper specimen. As a result, they were excluded from
further handling. This resulted in a total of 47 tibiae from 31 cadavers to be used.
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Figure 10. Whole tibia, marked for quadrant identification and block removal

Coring Tool Design, Manufacture, and Dimensions
To produce a test specimen, a standard machining mill was used. A special stand
was made from steel to elevate the stage (Figure 11). A plexiglass stage and jig was
designed, and subsequently fitted (Figure 12) on the top surface of this steel stand; this
allowed the cortical bone block to be held appropriately during actual coring.
Additionally, to produce the desired test specimen, a special coring tool was
designed (Figure 13). There were many modifications made to the coring tool design in
order to create a cylindrical bone specimen having a diameter of 2.0 mm with a minimum
length of 18 mm. A total of eight prototypes were made prior to the final, usable coring
tool (the reasons for the numerous changes are provided in the discussion).
The first obstacle in creating the coring tool arose in finding a machine shop that
would make this tool. However, once one was found, it was found to be an even bigger
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Figure 11. Apparatus and stage used to core bone coupons
challenge from the time between the designing — or making design changes — and its
manufacture. When a tool was designed and given to the shop to make, it took anywhere
between two to four weeks before a coring tool could be tested. After testing and design
modifications were made, it once again took two to four weeks. This occurred for the
first five coring tools. The largest challenge occurred from design number six to the final
tool, number nine. The tolerances needed to create the desired changes required not only
precision, but also accuracy. Another machine shop was found that had the capability to
make the shaft of the tool both precise and accurate; however, they were unable to make
the cutting surface, or teeth. As a result, the length of time magnified between
subsequent tool modification and testing; it now took several weeks to implement the
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Figure 12. Plexiglass stage and jig used to hold cortical bone during actual coring

design changes, as two separate companies needed to handle different aspects of the tool,
and each was under their own schedule as well. Nevertheless, the main features of the
shaft of the final coring tool include:
1) material from stainless steel
2) produced a cylinder with a 2.00 mm diameter
3) allowed clearances for reducing friction
4) allowed easy removal of bone cylinder
5) extremely durable
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The cutting tip (Figure 14) incorporates seven teeth, each of which is positioned
at a steep 75 degree angle relative to the cutting surface. Additionally, channels were
made that followed each of the teeth to allow the removal of bone debris.

Figure 14. High magnification of edge of coring tool cutting surface
The last — and final — design of the coring tool that allowed the creation /
extraction of the bone coupons having the desired dimensions is shown in Figure 13. The
actual coring tool is shown in Figure 15.
This special type of bone cutting did not allow bone to be cut easily and quickly.
To prevent the generation of heat and the other problems associated with friction
(elaborated in discussion), water filled with numerous small ice chips were added to the
plexiglass bone-holding container. Additionally, a modified form of peck-drilling was
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Figure 15. Final coring tool created from C.A.D. schematic

performed. Peck- or tap-drilling is a term used by machinists when they drill holes in a
hard material, making the hole deeper with each subsequent tap of the drill bit. However,
as cores were being produced, the term “tap-coring” (or “peck-coring”) was coined, and
used throughout the remainder of this dissertation.
Specimen Size, Shape, and Location
The coring of bone proved difficult and laborious, ranging between 6 to 9.5 hours
to extract a single core. Two cores were taken from each bone block: one from the
anterior quadrant at the apex of this bone, and second from the posterior quadrant directly
in-line from the anterior core (Figure 16). Each bone core had a diameter of 2.0 mm with
a minimum length of 18.0 mm (Figure 17).
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Figure 16. Tibial block showing location and quadrant of extracted bone core
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Figure 17. Bone core specimen
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Each cylindrical sample was placed in a container filled with wetting solution,
and kept fully submerged until mechanical testing. Numerous additional bone cylinders
were also made for the specific purpose of pre-testing the loading jig on the materials
testing machine. A total of 92 specimens were made for actual testing from the anterior
and posterior tibiae quadrants.
Mechanical Testing
Three-point Bending Stage Design
To test these bone samples, a unique jig also had to be utilized. Normally, specimens
of this size are not tested; and even when they are, any commercial jigs can be prohibitively
expensive. As a result, a jig was designed and subsequently created specifically for the
testing of these specimens. The schematic of this three-point holding apparatus is shown in
Figure 18. This stage material was made out of strong T3 aluminum. The entire testing
apparatus is shown in Figure 19.
Calibration ofLoad Cell
Prior to subjecting these machined bone specimens under a load, the Model 1011
materials testing machine was serviced. Since considerable time had elapsed from the
initial test performed in the first study to this test, and since the testing machine had been
moved, the machine was professionally serviced and calibrated by Instron personnel.
This occurred within four months prior to this test to insure data integrity. This
maintenance included a complete inspection of the mechanical drive, the electronic
control system, cleaning, and lubrication, in addition to calibration. This followed
American Society of Testing and Materials (ASTM) standards (ASTM, 1996) which
requires verification on an annual basis or any time the equipment is moved. Otherwise,
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Figure 19. Mechanical bending test apparatus

the pre-testing calibration of the load cell immediately before mechanical testing was
identical to the calibration in Part I.
Bending Test
Prior to the test, each bone specimen was measured at the midpoint to acquire the
exact diameter. This step allowed the calculation of the area at the midpoint of the
specimen, which would ultimately be incorporated in the actual stress and strain readings
associated with that particular specimen.
The bending apparatus was tested numerous times using a variety of different
specimens. Toothpicks were first used, and then machined bone samples created
specifically for this purpose. As it took a tremendous amount of time to produce these
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small bone cylinders, every attempt was made to ensure that the actual bending test
would be executed without any unexpected problems.
Each bone was removed from its container, lightly blotted, and then placed on the
aluminum jig. Each specimen was placed in the same position, with its midpoint directly
below the bending arm (Figure 20). Similar to Part I, the downward travel rate of the
upper bending arm was 10 mm/min. All bone cylinders were loaded until failure
(Figure 21). The Model 1011 materials testing machine was never turned off throughout
the entire test; further, all bone samples were tested in one sitting, within a 24-hour
period.

Figure 20. Bone core in jig prior to bending test
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Figure 21. Bone core in jig post bending test

Histological Examination
Specimen Preparation & Staining
The steps to sand, stain, and prepare the bone samples for histological
examination generally followed the steps from Part I. The main difference, naturally,
was the size of the specimen. A total of 184 images were examined, representing 47
tibiae from the 31 cadavers.
Image Processing
Cement Line Quantification
Quantification of cement lines followed the procedure in Part I. The use of the
mathematical formula previously mentioned was also utilized.
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Scanning Electron Microscopy
To inspect the bone surface at high magnification, and to determine the possible
effects that the coring tool may have on the surface of bone, scanning electron
microscopy was utilized. This was chosen over transmission electron microscopy
because the morphological structure of the bone cylinder was under review; and, the true
details that may be physically produced from a spinning tool on bone were initially
questioned. This was performed during the coring tool prototype stages to aid in the
development. Additionally, the resolution of the scanning electron microscope was
found to be ideal.
For scanning electron microscopy, a 2 mm diameter x 3 mm long bone cylinder
from the cortical bone region of a human tibia was removed. This specimen was
mounted on an aluminum stud and sputter-coated with a gold coating approximately 15
to 20 angstroms in thickness. During the vacuum evaporation coating process, the
samples were continuously rotated to provide the sample with an even coating on the
surface. A Philips scanning electron microscope, operating at 15.0 kV, was used to
examine the bone surface. The images were studied at a spot magnification of 16x and
38x.
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CHAPTER 5
RESULTS AND DISCUSSION

Cement Line Identification
Bone staining can often be a difficult process, and may yield differing results
depending on different concentrations of chemicals, and even the use of the same
chemical by different manufacturers (Hough, J., 1995). The preparation of tissue and the
protocol in staining can also require many steps (Lee, G.L., 1960); arguably, it can be an
art form, requiring a unique method of dance. There are several stains available that
allow selective staining of certain microstructural elements of bone; for example, those
that specifically stain cement lines (Derkx, P. et al., 1995; Gruber, H.E. et al., 1985,
1991; 1992; Kagayama, M. et al., 1993; Sheehan, D.C. et al., 1980), bone cells (Mohd,
G., et al., 1980), their canaliculular processes (Kusuzaki, K. et al., 1995), and even bone
microdamage (Burr, D.B. et al., 1990, 1995). These stains require the bone to be
decalcified and embedded before sectioning; and even though the decalcification
procedure can be chemically hastened (Sanderson, C., et al., 1995), these steps still take
much time as well as tissue preparation, causing possible structural and/or chemical
modification of the tissue.
Some stains, including that by Gruber, H.E. (1992) and Hahn, M. et al. (1991),
allow the bone tissue to be studied in an undecalcified state, thus eliminating the extra
time necessary for decalcification. Additionally, new methods for staining cement lines
(Bain, D.B. et al., 1990; Derks, P., et al., 1995; Villanueva, A.R. et al., 1986) and
microcracks (Villanueva, A.R. et al., 1994) have recently been identified; similar to
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Gruber, H.E. (1992) and Hahn, M. et al. (1991), these procedures do not require the
decalcification of bone. However, these procedures require additional steps, such as the
plastic embedding of bone (Engen, P.C., 1978), which may have their own inherent
negative or deleterious effects.
For this research, the selected stain had to meet certain “ideal” criteria: 1) the
stain had to allow the characterization of cement lines; 2) it had to be readily available, or
simple to produce; 3) the stain had to impregnate the tissue in the least number of steps;
and 4) it had to allow the quantification of cement lines. Several methods were used to
identify cement lines in a fashion that would allow computer-aided measurements.
Cement Line Identification through Lectin Cytochemistry
The use of lectins in this work was initially examined to identify cement lines.
Lectins are sugar-binding proteins found in nature, and have been characteristically found
in plants, viruses, microorganisms, and animals. Although lectins have been widely
studied, including their role in cellular recognition (Blaese, R.M. et al., 1981; Cooper,
E.L. et al., 1984; Dwyer, D.M., 1976; Macdermott, R.P. et al., 1981; Pereira, M.E.A. et
al., 1980; Weir, D., 1980), their three-dimensional structure (Olsen, K.W., 1983), their
molecular evolution (Strosberg, A.D., 1983), and cell biology (Cohen, E. et al., 1984;
Hies, T. et al, 1989; Mishkind, M.L. et al., 1983) their function is unclear. Nevertheless,
all lectins share the common property of binding to defined — and specific — sugar
structures. Most lectins studied to date are multimeric, consisting of subunits or
“domains” (Olsen, K.W., 1983). A lectin may contain two or more identical subunits, as
exemplified by ConA, or have different subunits. This multimeric structure is what gives
lectins their ability to either agglutinate cells or form precipitates by binding to
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glycoconjugates, much like that seen between the interactions of antigen and antibody.
Some lectins can simply bind to cells, such as succinylated ConA.
The identification and availability of a wide variety of lectins have given
researchers a powerful tool to study biological structures (Lis, H. et ah, 1986). Because
different lectins show specificity toward binding to a particulate carbohydrate structure,
even oligosaccharides with identical sugar compositions can be distinguished.
Previous work by some researchers (Eventov, I. et ah, 1995; Kagayama, M. et ah,
1993; Miller, R.L. et ah, 1984; Nakamura, H. et ah, 1989; 1992) have used lectins to
specifically study sialic acid and bone tissue. Kagayama, M. et ah (1993) used four
lectins to identify cement lines and other structures in bone matrix: LFA, MPA, WGA,
and ConA. They found that the lectin LFA, which recognizes sialic acid in bone (Bianco,
P. et ah, 1991; EY Laboratories, Inc., 1995), stained the cement lines intensely. LFA is
an extract from Limax flavus, a specific California garden slug, having an affinity for
sialic acid (Miller, R.L., 1982; Pemberton, R.T., 1970). Its purification and
macromolecular properties have been recently studied (Miller, R.L. et ah, 1982).
Analysis using blotting analysis of bone extracts showed two LFA-positive bands at
molecular weights 18kDA and 45kDA, suggesting that these LFA-binding
glycoconjugates may contribute to the mechanism of cement line formation and/or the
process of bone remodeling.
The flourescently-labeled Limax flavus LFA lectin was subsequently
experimented with on small sections of human tibiae. The method to decalcify, embed,
and otherwise prepare the bone specimen generally followed that by Kagayama, M. et ah
(1993), with few histologically-accepted changes.
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However, despite numerous attempts, using a variety of Limax flavus
concentrations, selective staining of cement lines was not established. Rather, the lectin,
although staining both cement lines and reversal lines, also stained the bone matrix
(Figure 22). Because the tissue was from human cadavers and preserved by fixation with

Figure 22. Compact bone and cement line staining by lectin (LFA x 40)

formaldehyde, chemicals may have altered the binding sites. This may be the reason that
selective staining of only cement lines was not established. The “background noise” that
was observed is consistent with Jensen, H. et al. (1995), who indicate that “fixation with
paraformaldehyde and especially glutaraldehyde contributes to disturbing background
fluorescence.”
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Furthermore, as mentioned, lectins are highly selective in their binding to sugars,
and can distinguish or select different oligosaccharide structures that have the same sugar
compositions. The model used by Kagayama, M. et al. (1993) — adult Wistar rats
differs from the human tissue used in this research. Sialic acid, in which the lectin LFA
has a specificity for, is a generic term for more than 20 derivatives of N-acetylneuraminic
acid (Neu5Ac) and N-glycolylneuraminic acid (NeuSGc) (Bennett, G. et al., 1981;
Bhavanaadan, V.P. et al., 1979). Resultantly, the lectin-binding sialic acid residues
located in cement lines of rats may differ to those that are found in human bone. This
may be an additional factor that contributed to our contrasting results.
Finally, lectins are highly purified (molecular weight 44,000 Da), and the type
used in this study (Limax flavus LFA FITC, Cat. # F-5101-1, EY Laboratories, Inc.) was
purified by both “conventional” methods (either salt-induced crystallization, ethanol
precipitation, ion exchange chromatography, or gel filtration) and affinity
chromatography. As such, any contamination by glycosidases and/or contaminants could
greatly affect the activity of lectin preparation. The methods (such as the use of sterile
water) and procedure employed to locate cement lines, although meticulous, may not
have been at the level of standard needed to employ these delicate staining techniques.
Therefore, the study of cement lines in the future using immunofluroescence and
lectins should be limited to the use of fresh tissue that has not been preserved or that has
been treated with any chemicals that may affect binding sites. A dedicated “clean-room”
should also be considered.
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Cement Line Identification through Coomassie Brilliant Blue R
To identify cement lines under the light microscope for the purpose of their
quantification, a procedure needed to be developed. Ideally, if the identification method
by the use of lectins previously mentioned was flawless, the histologically prepared
slides of bone could be studied by techniques available by computer, such as computer
image processing. However, at that time, the limits imposed by the image processing
software, together with the results obtained, were not able to selectively and accurately
quantify cement lines. As a result, a new technique needed to be developed that would
allow the identification of cement lines from a great number of images, without the long
arduous histological steps (such as decalcification time), and without altering the
structure and appearance of bone.
In the laboratory, thin, undecalcified bone specimens were glued onto plexiglass
slides. They were then either sanded with fine sandpaper or quickly “surface” decalcified
in a 10% HC1 solution, or both, in an attempt to try different readily-available stains that
would stain bone in its natural state (i.e., calcified). One stain in particular, a solution of
Coomassie Brilliant Blue R, was found to selectively non-stain cement lines with a
beautiful, yet quantifyable disposition.
Coomassie Brilliant Blue R, also known as “Brilliant Indocyanine,” is an anionic
dye used primarily by biochemists and researchers studying proteins in acrylamide gels,
such as sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Kieman, J.A. (1990) indicates that an anionic dye, such as Coomassie Brilliant Blue R, is
useful for “the demonstration of protein only if the intensity of the colour produced at
any site in the tissue is proportional to the local concentration of protein there,” and also
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states that staining by anionic dyes composed of small molecules is primarily due to
electrostatic bonding of the dye to lysine and arginine basic side chains. Therefore, the
results of non-decalcified bone being stained, but not cement lines (and reversal lines to a
lesser degree) seem to indicate the presence of protein everywhere in bone, except at
these lines (Figure 23); or, that cement lines are devoid of proteins with basic lysine and
arginine side chains. This theory agrees with the findings by several others, including
Frasca, P. (1981), Weidenreich, F. (1930), and Weinmann, J.P et al., (1947).

Figure 23. Compact bone and cement line identification (CBB x 100)
Although the exact method of cement line non-staining by Coomassie Brilliant
Blue R is not fully understood, this method allowed cement lines to be identified easily
on undecalcified bone. As a result, this was the method employed for its detection in this
research.
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Bone Testing
Prior to the testing of bones, as previously mentioned, the medical histories were
examined from each cadaver to ensure that, prior to death, the individuals did not have
any history of bone disease, such as Paget’s disease, osteoid osteoma, or osteoblastoma.
This step, which was expanded on by using a fluoroscope on all tibiae in Part II, was
followed because of possible implications these diseases may have on the results from
bone testing. Paget’s disease is a localized disease of bone that is characterized by an
increase in bone remodeling, bone hypertrophy, and abnormal bone structure (Meunier,
P.J. et al., 1995; Torres, R. et al., 1991). It has been shown by Hamdy, N.A.T. et al.
(1993) to cause bone resorption, and whether or not the disease has been treated in the
person or patient — for example, during and after the use of calcitonin treatment — the
cement line pattern in bone has been shown to remain abnormal (Williams, C.P. et al.,
1978). Wheeler, T.T. et al. (1995) indicate that in the United States alone, the prevalence
of Paget’s disease is between 1 - 2.2 percent; however, Mirra, J.M. et al. (1995) indicate
that prevalence can be and as high as 3% (European population), with the highest
incidence occurring in those of English descent. Further, they indicate that more than
90% of the patients are older than 40 years of age; that men are affected by the disease
approximately 1.5 times that of women; and that although Paget’s disease affects
different bones in varying regions, the most frequent sites of fracture are the femur and
tibia (Lyles, K.W. et al., 1995). Osteoid osteoma is a relatively common skeletal lesion
representing approximately 12% of all benign skeletal neoplasms — and can occur in
the cancellous, compact, or subperiosteal areas of virtually any bone (Greenspan, A.,
1993). Like Paget’s disease, its site of predilection is particularly the femur and tibia.
83

Osteoblastoma, unlike Paget’s disease, is most often seen in patients in the first to third
decades of life. However, it has a high predilection in the appendicular skeleton,
including the tibia. Therefore, these important steps performed prior to the testing of
tibiae were to eliminate possible diseased bone from the sample in an attempt to
minimize the possible alteration to the mechanical testing results from normal, diseasefree bone by such diseases.
The mechanical properties of bone can be studied in whole bones or in specimens
of a standardized size and shape. When whole bone is being tested, it is studied as a
structural unit or organ. When tested having a standardized size and shape, it is studied
as a material. The study of each type has advantages and disadvantages. The advantage
in using whole bones is that near-living conditions can be represented, thus allowing the
study of how bone responds as a structure to the various daily forces. The biggest
drawback is that the mechanical properties of intact bone is difficult to determine, due to
the various and irregular shapes, sizes, and cross-sectional areas. These shape and size
variables are eliminated when studying bone as a material having a standardized shape
and size; however, it is not representative of how bone behaves as a structure in nature.
Bones were tested under both conditions in this research. In the first segment of this
research, bone was tested as an organ; in the second segment, as a material.
Specimen Size, Shape, and Geometry
The size and shape of tested specimens can have significant influences on the
results from mechanical testing. In whole bone testing, it becomes especially important
that bones be of uniform size when procedures or treatments on whole bones are being
compared against one another. Right and left bone pairs are usually used for this reason.
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When specimens of standardized shape and size are needed for testing, the
question arises as to which shape is to be created. In bending tests, bone cylinders or
rectangular blocks are mostly used. As this goal of the research in Part II was to quantify
a very small structure, the cement line, cylindrical cores were chosen over blocks as the
dimensions could be made both consistently and with accuracy. This would, ideally,
allow a true correlation (positive, negative, or none) to be shown, without the influence
of “geometrical intolerance” between specimens that varied in size, as may occur when
trying to make small rectangular blocks.
It was also important that the machining of bone to create cylindrical cores would
not damage the tissue. Burr, D.B. et al. (1990) indicate that the handling of bone tissue
alone can create non-physiological, artifactual microcracks along cement lines. Further,
Burr, D.B. et al. (1990) and Li, G. et al. (1985) have shown that bone microdamage prior
to a complete fracture is difficult to detect. In the second segment of this research, not
only were specimens produced that had a uniform size and shape, but they were also able
to be made delicately to prevent the production of artifactual, procedure-produced
microcracks.
Bone Cylinders
Prior to specimen preparation, the question needs to be established on what
structural level of bone (e.g., microstructure) is to be studied by (a) specific test(s) (e.g..
bending, tension, compression). If the question is to determine the properties of bone —
either whole bone or specimen — An, Y.H. et al. (2000) recommend that the minimum
dimension of the cross section of the specimen to be no less than 2 mm. Furthermore,
Griffin, L. (1997) suggests that if a bending or flexion test is to be employed on
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cylindrical specimens, the diameter to length ratio should approach 1:10 (i.e., if the
cylinder diameter is 2 mm, the length should be close to 20 mm) to provide results
showing true bending of the specimen, and not shear forces. These minimum dimensions
and parameters would not be followed in the case of testing thinner specimens for
micromechanical testing; for example, the determination of the properties of structural
elements of bone tissue such as a single osteon.
Coring Tool
As the goal of this segment was to understand how cement lines affect the
mechanical behavior of bone as a composite material (i.e., not whole-bone), cylindrical
bone specimens were made. The greatest challenge plaguing and hindering this process
was the initial inability to create a specimen with a 2.00 mm diameter, having a length of
approximately 20 mm to minimize the effects of shear previously mentioned. At the time
of the specimen preparation, and even now, a tool nor procedure is found to exist in the
medical literature that allows the creation — or cutting — of standardized, uniform bone
cylinders with such dimensions.
It was found easier to remove a cylindrical bone specimen irrespective of
diameter (2-5 mm) when the bone block (and core) length was short (less than 3 mm).
However, it became (what seemed to be exponentially) harder to create a working coring
tool that would not damage the bone as the length was increased. Since bone is
considered the hardest organ and tissue in the human body, the coring tool needed to be
made from an extremely hard material that would cut it. Stainless steel was chosen for its
inherent strength, its ability to withstand great amounts of stress, and for its wear (rather,
lack of wear) properties. It also resists rust formation, and is also the predominant
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material used in saws and drill-bits to cut bone in much of orthopaedic medicine and
research (Eriksson, A.R.et ah, (1984); Krause, W et al., 1982; Matthews, L.S. et al.,
1972; Toksvig-Larsen, S. et al., 1991; 1992). Table 2 reveals coring tool design features
(prototypes) that were made for this segment, indicating the variations in their
dimensions and their unique features. Figure 24 shows the actual tool prototypes.

Figure 24. Coring tool prototypes created and modified to core cortical bone

Coring Tool - Cutting Edge
The type of cutting edge to be used to core bone was also determined. There are
many types and styles of teeth available on both long and circular saws. Most have
pointed teeth, as exemplified by the conventional hand-held or electrically-powered
wood saw, but can also be devoid of teeth as in the case of the diamond-tipped cutting
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wheel. Of the cutting tool types that have sharp, pointed teeth, many are available based
on features including 1) the number of teeth, 2) the spacing between teeth, 3) having all
identically-sized and shaped teeth or 4) having a combination of differently sized and/or
shaped teeth. Several styles of blades have been identified (Glover, T.J., 1998), such as
“hollow-ground,” “ripping blade,” “chisel-tooth,
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flattop-ground carbide tipped,” “steel

cutting blade,” and “crosscut, fme-tooth, & paneling blades.” An increase in the number
of teeth produces a finer cut compared to fewer teeth; additionally, the longer or deeper
the teeth, the stronger the “bite” and a subsequent increase in the amount of material
removed per pass by the blade edge.
Although it may seem trivial in selecting the type and style of the cutting front,
the effects resulting from the way the teeth cut bone can be very real. When bone is
simply cut for the sake of removal, the type of teeth on the cutting tool may not be of
high importance. However, since identically-shaped smooth, clean, and defect-free
(preparation-induced) bone cores were required for the purpose of this experiment, the
teeth at the cutting front needed to cut the tissue as smoothly and as delicately as
possible. The teeth also had to be highly efficient in cutting bone, which, as was
experienced during the coring of cortical bone to make small coupons, can be extremely
time consuming and exhausting!
With this information, it was decided that the style and number of teeth employed
at the cutting tip of the coring tool would follow that of the “crosscut blade” variety.
This style of cutting edge is characterized by a number of extremely sharp, small teeth,
and as the name implies, was designed for leaving a smooth edge upon cutting across the
grain of wood (Glover, T.J., 1998). Although bone is not wood, it does have several
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features analogous to it. Both are composite materials that make them strong, hard, stiff
yet flexible, and dense. Both also have a fluid compartment, mineral, and organic fibers.
By producing the smoothest and cleanest surface on the bone cylinder, the
“crosscut blade” would minimize or not introduce any structural defects, which could
significantly affect the mechanical testing results. The schematic (Figure 25) shows the
representing design of the tool tip that was employed. The actual number of teeth to use
on the coring tool was not conclusively determined at the beginning of the design stage.
Initially, the number of teeth was determined by the size of the tool and its tip. Since the
coring tool’s wall was itself rather thin (i.e., tool #1 wall thickness = 0.45 mm), this
limited the maximum allowed length (depth) of the teeth. If the teeth were made too
long, for example, the teeth would bend during coring due to the lateral shear forces
applied to it. The number of teeth added to the coring tools increased as the tools were
designed, tested, redesigned, retested, etc. (Table 2) up to the maximum number of teeth
employed — eight teeth — on coring tool version #8. However, the final number
decided on was seven teeth, decreasing the number of teeth by one compared to the
previous version. This number appeared to provide the best ratio between number of
teeth and tooth depth necessary to core bone both efficiently and effectively (i.e., seven
teeth, each having an approximate depth of 0.63 mm, not inclusive of the debris channel
(description and explanation of the debris channel to follow).
Coring Tool - Specimen Removal
It was determined in early prototypes that if a long opening was created on the
side of the tool, the finished bone core could easily be removed (Figure 24, #2, #4-8).
However, this created a unique problem; the mill chuck that clamps onto the tool end
90

>
2.00 mm

A
<

4.22 mm

2
E
4.22 mm

2.00 mm

D

F

2.19 mm

3.30 mm

V
2.54 mm

Figure 25. Schematic of coring tool cutting edge (magnified view), indicating:
1) perpendicular and 2) lateral views: A) core diameter, B) cutting edge teeth, C)
debris and water channels, D) inner diameter clearance, E) outer diameter, and F)
outer diameter clearance.
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would actually bend the upper (proximal) opening — an area of structural weakness
— over repeated clamping. When this occurred, the coring tool neck would bend; this
caused the tool tip to wobble, and thus not spin true and uniformly. It was determined
that since extremely small microstructural features of bone were being studied, any
visible fluctuation at the tip during coring would not be tolerated. This problem was
overcome by utilizing a thicker die, having a clamping section at the end of the tool
which, when gripped at any location, would not have any deleterious effect on the rest of
the tool (Figure 24, #7-8). When this change was made, the coring tool tips did not
visibly fluctuate laterally at all while rotating. This modification was added to coring
tool version #7, and all later versions.
Coring Tool - Cooling
One of the by-products when any hard material gets cut is the generation of heat
caused by friction. When composite materials such as bones are cut, the generated heat
can be very damaging, killing the “live” part of bone such as osteocytes, fibroblasts,
blood vessels, and nerve. Eriksson, A.R. et al. (1984) reported impaired bone
regeneration and bone death at 44° C to 47° C. Even when it is not of consequence
whether or not the bone cells are alive or not for a given biomechanical test, as in the
case of the embalmed bone used in this research, the increased heat from friction can
essentially “cook” the bone (Egerer, A.K., 1997) and likely alter its mechanical
properties.
The effects of heat generation during orthopaedic drilling (Bruun, C. et al., 1987;
Eriksson, A.R. et al., 1984; Matthews, L.S. et al., 1972) and during sawing (Klip, E.J.,
1976; Krause, W. et al., 1982) has been studied and shown to have negative effects on
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bone tissue. Toksvig-Larsen, S. et al. (1992) have even shown that different orthopaedic
saw blades, and/or the modification of the teeth on the blade itself, can influence
temperature. Nevertheless, the repeated and constant friction by the metal of the saw
blade or drill on bone can ultimately cause heat-induced bone necrosis (Toksvig-Larsen,
S. et al., 1991; 1992). In an earlier study, Toksvig-Larsen, S. et al. (1989) found that
standard sawing procedures during knee arthroplasty caused significant temperature
elevations, and that even with profuse irrigation with saline, nor the modification of the
teeth of the saw blade, the effects from the generation of heat could not be prevented. In
a later study, Toksvig-Larsen, S. et al. (1991) showed the effects of liquid cooling to
counteract the problem of heat generation caused from bone cutting. They found that
constant, pumped irrigation, was much more effective in keeping the tissue cool;
however, this procedure requires large amounts of fluid (600 ml/min). Internally cooling
the saw blade provided the best results in decreasing the heat generated (Toksvig-Larsen,
S., 1992).
Several steps were taken to minimize the production — and for the quick
elimination — of heat that was produced while cutting during the preparation of bone
samples. Of particular interest for this discussion was the purpose of the cooling
medium. Similar to the cooling steps utilized by Toksvig-Larsen, S. et al. (1991; 1992),
liquid was used; however, a much more aggressive approach was utilized. Rather than
simply use water to splash or spray the tool-bone friction site, a special platform and
container (Figure 12) was made to house the specimen in an actual bath of water, which
would allow the cooling during bone cutting (previously explained in Chapter 4,
Materials and Methods).
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Although the bone was surrounded with water allowing 1) the removal of the
bone particles away from the cutting site and 2) direct cooling of the bone, the tool-bone
interface still generated considerable heat.
As machinists use viscous oil during their cutting (e.g., milling, drilling of
aluminum), a special substance was sought which would allow the cutting of bone by
steel. In searching for this fluid, it did not matter whether or not the fluid had any
negative effects on living cells; however, it was important that this fluid did not get
soaked into the bone cores during machining. The reasoning was that the mechanical
properties of bone may change with such absorption of a foreign chemical. Standard
machining oil was tried, to see if it would be effective in lubrication. It was found that
the direct application of oil on the tool was not effective because it did not stay localized;
nor was it soluble with water, and floated to the surface of the bath. Submerging the
entire tibia block with 100% oil was then tried. The dark-brown color of oil made it
somewhat difficult to place the tool tip in the exact space (within the bone quadrant) as
desired. The biggest problem, however, was that when bone was cut, the generated heat
did not dissipate away from the cutting front. Oil was found to lubricate extremely well,
but once it acquired and accumulated heat, the high temperature stayed, and it took up to
ten minutes to cool.
An organic lubricant, soluble with water, was then used. At first, a 100%
concentration was used, and was found to be too viscous. Similar to the machine oil, this
concentration accumulated heat, and the dark color also made it somewhat difficult —
but not impossible — to localize and place the tool tip at the desired location. The
greatest problem using this organic lubricant, however, came when it was mixed with
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water. The solution became a strong milky-white color, which made the location and
placement of the tip on the bone impossible to determine.
For these reasons, ice chips were eventually added to the water bath. The benefits
of the simple ice-water bath were numerous. The water (and bone) stayed at 0° C, and
even when heat was generated at the cutting front, the area would quickly return to 0° C
upon stopping the cutting procedure. Secondly, the tiny ice chips could be placed in
extremely close approximation to the cutting front. Finally, larger pieces of ice could be
placed in the apparatus and allow direct internal cooling of the tool. As a result, both the
bone and tool stayed at 0° C, and any heat generated at the cutting front would be quickly
eradicated.
In addition to modifying the external environment to minimize the heat generated
from friction, several modifications to the tool itself were made that kept the bone from
heating. A series of debris channels (Figure 25) were added which followed the cutting
edge (teeth) on coring tool version #4 and all subsequent versions. As the cortical bone
is cut on the bone block, heat is generated at the actual site of cutting. Subsequently, heat
accumulates in the bone debris produced from cutting, which can be substantial.
Schmidt, A.O. (1950) found that the heat accumulated in the cutting of metal comprises
60% to 70% of the total heat generated. If this bone debris is not washed away or
removed from this area, the small particles present tend to be pushed into the uncut bone
directly in front — and in the path — of the coring tool’s teeth, preventing cutting, and
allowing more heat to be generated. The addition of this simple modification not only
allowed fresh ice-water to circulate quickly, but also caused the bone debris to be forced
away from the cutting front by the fast-moving water. As a result, the generation,
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accumulation, and stagnation of heat was decreased substantially, diminishing bone
“cooking.” A further benefit found was that since the bone debris was swept away much
more quickly with the creation of the debris channels than without these channels, bone
cutting occurred slightly faster. When it takes up to over nine tedious hours to extract a
single core, the speed of cutting (e.g., plus or minus one hour) can be significant.
One can imagine the frustration felt after spending over nine hours trying to
acquire a single core, only to find that the specimen had an area of increased whiteness,
indicating that the bone was subjected to too much heat and subsequently “cooked.”
Although the debris channels were created which tailed the cutting edge of the coring
tool to speed in the removal of the tiny bone particles, the problem of heat generation
created from the friction of the fast-spinning tool on bone was not totally eliminated as
desired. This problem was not an issue when the created cylinders were very short
(<5 mm). At the initial stages during the coring of bone, the tip of the coring tool and
the tibia block is surrounded by the ice-water bath. As tap-coring (syn. peck-coring) is
initiated (described earlier), any and all bone debris is quickly washed away. As coring
slowly progresses and the tool cuts deeper into bone, the debris channels mentioned
earlier aid in the removal of bone particles, and are extremely effective to a cutting depth
to approximately 5 mm. However, after this depth the bone debris becomes much harder
to remove. This problem was found to be created because of the lack of any clearance
between the bone wall created from coring, and the outer shaft of the coring tool spinning
adjacently to it. Therefore, as the coring tool depth increased, the bone debris that was
produced was not able to be effectively removed. This debris was found to pack tightly
in the tool tip’s debris channels, decreasing the effectiveness of the cutting front.
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Increased friction was also caused by the debris impacting the channels; and even more
friction was produced when the particles of bone debris lodged between the outer coring
tool shaft and the inside bone wall (tunnel). This friction not only generated unwanted
heat, but caused it to accumulate; again, bone “cooking” occurred, and was visible to the
naked eye as white bands in various areas of the extracted bone core. This challenge was
overcome by creating an area of clearance between the coring tool tip and the outside
shaft of the tool (Figure 25: E, F). This new modification was then added to the
schematic, and coring tool version #7 and all subsequent versions incorporated this
design change.
Whether or not the bone was damaged due to heat was usually not known until
after the coring is complete, and the specimen removed from the tool. As a result, it was
extremely difficult to create a working coring tool that allowed the creation of a bone
cylinder having the dimension 2.00 mm x 18-20+ mm. In a few cases during the testing
stages of coring, the bone cylinder would fracture before coring could be completed. All
these fractures were found to be caused by friction. Unfortunately, this problem of bone
“cooking” was still not eliminated by the ice-water bath and these tool design changes.
Throughout this process of specimen preparation, a total of nine coring tool
versions were created. The eight prototypes are shown in Figure 24. Each version had
its own inherent set of problems which prevented proper samples from being made
(Table 2).
It was determined that tissue damage was still being caused by friction between
the coring tool and bone. However, unlike previously where the generation of heat was
produced by the friction from the outside of the coring tool shaft and the inside wall of
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the core tunnel, this new problem was caused by the friction from the inside of the coring
tool shaft and the outside surface of the bone core. Similar steps as before were utilized
to remedy this problem: the new design incorporated an area of clearance on the inside
of the tool (Figure 25: A, D). This permanent modification was incorporated into the
design starting in version #8 of the series of coring tools, and all subsequent tools.
As previously mentioned, the length of time required to core the tibiae blocks was
extensive, ranging from a minimum of approximately 6 hours to a maximum of 9.5 hours.
Although the actual time to core each cylinder was not recorded as it was deemed
unnecessary, the length of time to acquire a specimen, on average, appeared to increase
as subsequent core samples were produced. Similar to a drill press, the mill used to core
the bone samples has a three-armed lever (handle) that causes the chuck and coring tool
to move downward when this lever is pulled in a forward and downwardly direction. The
light force applied to the mill handle during peck-coring needed to be increased slightly
to remove the same amount of bone experienced during earlier coring (which was barely
visible to the naked eye). Upon careful examination of the apparatus and coring tool, it
was found that the cutting edge, or teeth, of the coring tool had started to wear. Although
the teeth were still sharp, they progressively lost their initial sharpness with subsequent
extracted cores. Careful steps were taken to prevent possible heat generation as it
became harder to core the bone. Rather than risk the possibility of potentially “cooking”
the bone from applying a greater force on the mill handle when it became harder to core
the bone, the same amount of light pressure normally used to tap-core the bone was
employed; it simply took longer to core the bone, as even less bone was removed during
each “tap” compared to earlier coring.
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This is similar to the findings by Toksvig-Larsen, S. et al. (1992) who showed a
positive correlation between tool wear and subsequent heat generation. They took
incremental temperature readings on diaphyseal ox bone during transverse sawing of the
tissue. For practical purposes, the bone temperature at the beginning of the test was 0° C.
Their results indicate that there was a rise in the temperature of bone with increased saw
wear. They indicate that higher temperatures should be expected when the “cutting
process” becomes sub-optimal.
The issues experienced during the acquisition of bone cores in this experiment
also parallel the findings from Matthews, L.S. et al. (1972). Using human femora invitro, they drilled cortical bone with both new drill-bits and old, used drill-bits. They
found that worn drill-bits caused much greater temperature changes than did the new
drill-bits. Resultantly, they suggest that either new tools should be used to cut bone, or
existing tools be sharpened when they become dull.
The design of the final coring tool (Figure 13, Figure 15), with 1) the channels
made trailing the cutting teeth, 2) the clearances created on both the inside and outside of
the tool tip, and 3) the ice-water bath, seems to be a feasible approach to the solution of
the temperature damage created during bone cutting. These techniques have not only
addressed some of the suggestions by other researchers to combat heat generation while
cutting bone, but have incorporated some new features which should attack the problems
of heat generation much more aggressively and effectively.
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Scanning Electron Microscopy
Even when the issues of friction have been addressed, the possibility still exists
for damage to occur on the surface of bone. Each specimen should be smooth, and free
from indentations and/or defects, as they may cause areas where stress can concentrate.
This is especially true for bending and torsional testing (An, Y.H. et al., 2000). Although
the tolerances were made very tightly for the coring tool, any small metal burr could
potentially place deep grooves into the bone during coring, which in turn may leave a
scoring line for the bone to break in that region when stressed. This would be somewhat
similar to the effects of a diamond scratching glass. Bone, unlike glass, is a composite
material; however, when subjected to a force after being scored, both will tend to fracture
along this scored region of weakness.
Scanning electron microscopy (SEM) was used to view the surface of bone core
samples to ensure that the surface was smooth, and that tool was not leaving deep
grooves while spinning. The results from SEM are shown in Figure 26 and Figure 27. In
SEM, a focused electron beam is continuously scanned over the inclined surface of the
specimen. This causes some of the primary electrons to backscatter, and the secondary
electrons to become ejected; these secondary electrons are attracted to a positively
charged collector, amplified, and then displayed on a cathode-ray tube. Another beam is
synchronized with the primary beam on the specimen, which subsequently displays the
image on the tube.
The surface of the cored cylinders appeared relatively smooth, and without any of
the deep imperfections mentioned. The tool did leave some extremely shallow grooves,
similar in appearance to the grooves on a record player. The depth of the grooves, when
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Figure 26. Scanning electron microscopy (SEM) - bone core (16x)

Figure 27. Scanning electron microscopy (SEM) - bone core (38x)
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present, was calculated to be less than 10 pm, with a periodicity ranging between 40 pm
to 130 pm. Groove depth was less than 0.5 % of the core diameter, and thus not
considered influential Further, their presence would be present and consistent in all bone
cores.
Bending Tests
Intact bones in the human body are constantly subjected to a variety of forces,
including those from gravity and muscular activity, both static and dynamic. As a result,
it seems logical to determine the strength (and other properties) of bone from bending
tests. However, many investigations in determining the strength of bone are on tests
under a single force (An, Y.H., 2000). The reason is because when a specimen of any
material is tested in bending, its cross-sectional area is subjected to a combination of
tensile, compressive, and shearing forces, none of which are uniformly distributed over
the cross-sectional area. All material between the convex surface of the specimen and
the neutral plane (located at the midline) is subjected to tension, while the material
between the neutral plane and the concave surface is subjected to compression.
Therefore, it becomes difficult to determine the magnitude of each of the different
stresses acting on the specimen, and the specific involvement from each during breaking.
Furthermore, the determination of breaking stress (and associated mechanical
properties) of an intact long bone is more difficult than a specimen of standardized shape
and size. Whole long bones, like the tibia, are not perfectly straight. Additionally, its
cross-sectional area, as well as its shape, will vary along the diaphysis. Finally, an intact
long bone is a very heterogeneous structure, consisting of different amounts and
proportions of compact and cancellous bone, marrow, vessels, etc. This is unlike
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standardized specimens, where they can be made straight, and have a uniform crosssectional shape of a pure “composite” material, such as compact and cancellous bone.
Nevertheless, either way the bone is tested, the common formulae that are used to
determine the mechanical properties of a material are not based on organic material.
Rather, they are based on inorganic engineering materials that are usually isotropic and
homogeneous. However, they do allow the comparison of bone, and allow researchers to
understand the involvement that certain structures may have on the mechanical properties
of bone.
The mechanical properties of bone are basic parameters which reflect the
structure and function of bone. They can be measured by testing the entire structure
(e.g., tibia), or as specimens prepared to isolate a particular structural component’s (e.g.,
cement lines) involvement in a material. Thus, the fracture of bone can represent the
failure of 1) whole bone at the structural level, and/or 2) bone tissue at the material level.
Whole Bone Testing
Whole bones were loaded to failure through the application of a three-point
bending load. The load, or force, is a measurable vector, and has a magnitude, direction,
and point of application (Serway, R.A., 1986). The magnitude of a force, expressed in
the SI system of units, is the Newton; where one newton is the force required to give one
kilogram mass an acceleration of one meter per second per second (m/sec2). Table 3
indicates the mean maximum load necessary to completely fracture the bone in females
(4.17 kN) was significantly less than that for males (7.92 kN). This was not surprising,
as the majority of male bones observed during testing were larger in size compared to the
female bones. This agrees with Zioupos, P. et al. (2000), who indicate that the
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Mechanical Property
[WHOLE BONE]

Male Tibiae,
Mean Values
n=7

Female Tibiae,
Mean Values
n = 14

Break Load (KN)

7.92 ± 0.5892

4.1694 ± 0.5290

Break Energy (J)
27.38 ± 5.24
21.91 ± 4.30
Table 3. Gender differences in the mechanical properties of human cadaveric tibiae
under a bending load, Part I

differences between male and female bone, in general, are caused by differences in mass;
specifically, the quantity, not quality. On average, prior to female menopause, males
have larger (and heavier) skeletons, and do not necessarily have denser bone. Female
bone material quality and content tend to shadow male bone (Jones, SJ. et ah, 1994),
from birth until menopause; however, after menopause, female bones undergo
accelerated resorption (Balena, R. et ah, 1992). This increased rate causes a subsequent
increase in porosity, which therefore causes osteoporotic bone to be weaker (Marcus, R.,
1991; Tuukkanen, J., 1993). The actual average rate of resorption, however accelerated,
will vary with age, according to Ross, D.R. et al. (1994). The bones from the whole-bone
test were from bones ranging from 61 to 99 years of age at death, and the majority of the
female bones showed significant osteoporosis upon making cross sections.
Bone Core Testing
The testing of small standardized bone coupons of identical shape and size (2.0
mm diameter, minimum 18.0 mm in length) was also performed under a three-point load.
When small bone cylinders were tested, however, the mean load to fracture the bone
between males and females was not as pronounced (Table 4) compared to the whole-bone
testing. Further, all of the mechanical properties showed similar forces, displacements,
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Mechanical Property
[CYLINDER]

Males, Mean Values
[Mean Dia. = 2.02 mm]
n = 50

Females, Mean Values
[Mean Dia. = 2.03 mm]
n = 39

Break Load (KN)

0.0413 ± 0.0010

0.0391 ± 0.0015

Break Displacement (mm)

1.34 ± 0.06

1.27 ± 0.06

Break Stress (MPa)

230.7 ± 5.6

215.6 ± 9.0

Break Strain (mm/mm)

0.0503 ± 0.0022

0.0480 ± 0.0022

Young’s Modulus (MPa)

8862.8 ± 334.7

8332.5 ± 436.6

Break Energy (J)

0.0418 ± 0.0022

0.0369 ± 0.0022

Cement Line Quantity
0.0101 ± 0.0002
0.0094 ± 0.0002
____ (pm/pm2)*_____
Table 4. Gender differences in the mechanical properties of bone cylinders (approx.
2.0 mm x 18 mm) under a bending load, Part II *(p < 0.05)

and energies — on average — between males and females, with female bone values less
than the values in males. This is in agreement with many others, including the results by
Lindahl, O. et al. (1967). They studied human cortical bone from the femur, and found
that the tensile strength (MPa) in males (138±2) to be very similar to that of females
(131 ±3). They also found that the elastic modulus (GPa) to be similar: males =
14.9 ± 0.0, and females = 14.7 ± 0.0; and concluded that there was no difference between
sexes with respect to the mechanical properties of cortical bone. The results obtained
agree with their findings. Tibiae tested in its entirety and the values obtained is more
representative of the strength of bone (in bending) under living conditions. Testing at
this “whole bone” level measures the properties of the entire bone as a structure, and
incorporates the properties of the materials that compose the whole bone, as well as the
external and internal geometry. In testing whole-bone specimens, the various
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architectural features are assumed to be insignificant as individual entities. This explains
the large differences in values obtained from testing the entire tibiae of males and
females. However, when small standardized specimens are tested, the “matedal” is
investigated. Therefore, the values obtained show that although there are real differences
in the “material” — compact bone — between males and females (Table 4) and between
quadrants (Table 5), they are small differences. These differences will be discussed later
in the chapter, as well as an explanation of the mechanical properties (stress, strain,
energy, modulus) as they apply, and correlate, with cement lines.

Mechanical Property
[CYLINDER]

Anterior, Mean Values
[Mean Dia. = 2.02 mm]
n = 47

Posterior, Mean Values
[Mean Dia. = 2.02 mm]
n = 42

Break Load (KN)

0.0408 ± 0.0013

0.0398 ± 0.0012

Break Displacement (mm)*

1.52 ± 0.05

1.09 ± 0.04

Break Stress (MPa)

227.5 ± 7.6

220.3 ± 6.6

Break Strain (mm/mm)*

0.0567 ± 0.0021

0.0409 ± 0.0015

Young’s Modulus (MPa)

8451.9 ± 402.9

8830.2 ± 348.4

Break Energy (J)*

0.0472 ± 0.0021

0.0311 ± 0.0017

Cement Line Quantity
0.0093 ± 0.0002
0.0102 ± 0.0002
(pm / pm2)*
Table 5. Quadrant differences in the mechanical properties of bone cylinders (approx.
2.0 mm x 18 mm) under a bending load, Part II *(p < 0.05)
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Cement Line Quantification
Post-tested fractured bones were sliced with a Buehler Isomet circular diamond
saw, and the 200|im thick slices were stained with Coomassie Brilliant Blue R. Cement
lines were quantified with the aid of an experienced stereologist and histochemist, and
the use of an image processor. Cortical bone images

approximately (w) 650 pm x

(1) 850 pm — were observed and captured.
Through an efficient stereologic technique known as the ribbon probe, cement
line length was determined. Similar to lineal analysis, the ribbon probe (McMillan, P.J.,
1992) technique utilizes a random number generator to place four test lines to sample the
field. Each of the four lines are equally spaced apart to divide the image into fifths, or
rather, separating each area fraction between the lines by 20%. Cement line length (pm)
per unit area (L^J of bone was estimated using the stereologic relationship in (1):

(1)

La = (3.14 / 2) IL

where IL is the number of intersections per unit length that test lines make with cement
lines.
The limitations of the image processor at the time of cement line quantification
prevented direct and automatic computer calculation of the total length of cement lines in
any given field. For example, even when cement lines could be identified, scratch marks
on the images produced from the surface sanding during the staining process would also
be calculated, as they often appeared similar in color to cement lines. Knowledge of
bone histology proved vital in the identification of cement lines from artifact; however,
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the image processor would not allow the user to make such a distinction. As a result,
automatic calculation of cement lines by the computer became impossible. The ribbon
probe technique proved invaluable at this juncture, because the area occupied by cement
lines in each field could be estimated efficiently.
Image processing also allowed the mean canal (osteon, pore) number per unit area
(552,500 pm2), mean canal diameter (pm), and cortical porosity (%) to be determined.
The results of the cement line quantification from Part I are shown in Tables 6
and 7, and from Part II in Tables 8 and 9. The porosity measurements are shown in
Table 10 and Table 11.
Analysis of variance (ANOVA) revealed that the quantity of cement lines (males
and females combined) in the anterior quadrant was found to be significantly greater
(p < 0.05) than the other quadrants (Table 6). There was no significant difference in the
amount of cement lines between the posterior, medial, and lateral quadrants.
Furthermore, although no significant difference in cement line quantity was found
between the ages of individuals, gender did reveal a significant difference (p < 0.05),
with the mean cement line quantity in males being greater than that found in females
(Tables 7, 9). Additionally, even within each gender, similar regional cement line
distribution was found, with the anterior quadrant containing the most cement lines.
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Cement Line Quantity, Whole Bone - Part I

Quadrant

Mean Cement
Line Quantity

S.D.

S.E.

n

(jxm / (im2)

Anterior

0.0102

0.0013

0.0003

21

Posterior

0.0090

0.0010

0.0002

21

Medial

0.0091

0.0007

0.0002

21

Lateral
0.0092
0.0002
21
0.0011
Table 6. Mean cement line quantity (male and female tibiae combined), distinguished by
quadrant (p < 0.05), Part I

Gender

Males

Mean Cement
Line Quantity
(pm / pm2)
(Part I, APML)
0.0099

S.D.

S.E

n

0.0006

0.0002

7

14
0.0008
0.0002
Females
0.0091
Table 7. Mean cement line quantity (quadrants combined), distinguished by gender
(p < 0.05), Part I

Cement Line Quantity, Bone Cylinders - Part II

Quadrant

Mean Cement
Line Quantity
(pm / pm2)

S.D.

S.E.

n

Anterior

0.0102

0.0012

0.0002

47

42
0.0002
Posterior
0.0012
0.0093
Table 8. Mean cement line quantity (males and females combined), distinguished by
quadrant (p < 0.05), Part II
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Gender

Mean Cement
Line Quantity

S.D.

S.E

n

0.0011

0.0002

50

(jim / jam2)

Males

0.0101

Females
0.0094
0.0014
0.0002
39
Table 9. Mean cement line quantity (quadrants combined), distinguished by gender
(p < 0.05), Part II

Porosity Examination
When the porosity was examined for each of the quadrants, considerable
differences were found between males and females (Table 10). Although the mean
number of canals per unit area in each of the quadrants in females was signi ficantly less
than in males, females showed an increased mean canal diameter than males (Table 10).

Porosity

Males

Females

Canal #, Mean, All Quadrants

17.2 ± 1.05

13.3 ± 0.80

Canal Diameter, Mean (pm), All
Quadrants

38.8 ± 2.4

53.7 ± 2.5

Porosity (%), Mean, All Quadrants
12.24 ±1.04
7.10 ± 0.60
Table 10. Mean porosity differences between males and females, Part I

When the porosity was examined for each quadrant in both genders, the anterior
quadrant in females had approximately 40% greater porosity than the posterior, medial,
and lateral quadrants (Table 11). In males, there was no significant difference between
each quadrant. Taking into account all quadrants combined, our results reveal mean
tibiae porosity in females to be 12.24%, and in males 7.10%.
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Quadrant

Males, Porosity (%)

Females, Porosity (%)

Anterior

7.44 ± 0.68

15.42 ± 1.50

Posterior

6.84 ± 0.60

11.67 ± 0.79

Medial

6.72 ± 0.35

11.55 ± 1.00

Lateral
7.41 ± 0.75
10.32 ± 0.86
Table 11. Mean porosity differences between quadrants, distinguished by gender, Part I

Cement lines have been shown to be structures influencing bone strength, and
have been implicated in the histiogenesis of stress fractures and in the repair and
remodeling of bone tissue. The mechanical importance of cement lines has been
suggested by researchers to disperse energy by promoting and/or arresting crack
propagation, whereas the physiological importance of cement lines may be to initiate
bone resorption after microdamage. Cement lines are not native features of bone, as they
do not exist in all mammalian species (Sokoloff, L., 1973). However, when they do
exist, they arise as secondary osteons develop during physiological remodeling. Of
particular interest is the level of remodeling that occurs, which is partly shown by the
values obtained in this research.
In this study, bones were taken from human tibiae; specifically from the middle
1/3 diaphyseal region. This area was chosen for two main reasons. In humans, the most
frequent site for stress fractures to develop is the tibia, according to the findings by
numerous researchers, including Belkin, S.C. (1980), McBryde, A.M. (1985), and
Milgrom, C. et al. (1993a; 1993b); and, stress fractures of the upper extremity are rare.
In particular, stress fractures of the tibia in athletes tend to occur in regions of the distal
and middle thirds of the bone, as identified clinically and radiographically by Devas,
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M.B. (1958), and scintigraphically by Roub, L.W. et al. (1979); and in ballet dancers,
Burrows, HJ. (1956) reported that they occur at the mid-shaft. This suggests that the
tibia may be subjected to some of the largest stresses placed on bones of the human body.
Equally important are the observations from research experiments on animals
directly associating cement lines with stress (fatigue) fractures. Cement line involvement
in stress fractures of the tibia have been shown experimentally by Burr, D.B. et al. (1990)
and Li, G. et al. (1985). In their studies, they showed that stress fractures can be induced
by the repeated application of non-traumatic impulsive loads to the hind limbs of rabbits.
In the rabbit model, Burr, D.B. et al. showed that 89% of the microfractures were in the
midshaft tibia, and that 74% involved the anterior or anteromedial cortex. The findings
by Li, G. et al. were very similar, noting that microfractures predominantly occurred
along the cement line of Haversian systems, and that the small cracks would continue to
adjacent Haversian systems if the stress persisted.
In the first experiment of this research, whole bones were fractured in the mid
diaphyseal region; in the second experiment, bone cores were made from the compact
bone region of the middle third of tibiae. Therefore, cement lines were quantified (pm /
pm2) from these regions, within several millimeters from the region of fracture, to
determine if regional (i.e., quadrant) differences were present, and to determine if there
was a correlation with the quantity of cement lines to bone strength.
The results from each segment of the research, namely Part I and Part II, showed
that there is a regional distribution to cement line quantity. The anterior quadrant was
found to have a statistically significant quantity (pm / pm2) higher than the posterior,
medial, and lateral quadrants. Further, there was no statistically significant difference
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between the posterior, medial, and lateral quadrants. Gender also revealed a significant
difference (p < 0.05), between mean cement line quantity, with males having more than
that found in females (Tables 1,9).
As mentioned, cement lines are deposited when secondary osteons are formed
during the remodeling of bone. That a statistically significant higher quantity of cement
lines were found in the anterior quadrant compared to the other quadrants, in both
genders, seems to suggest that the anterior quadrant may be subjected to an increased
level of bone remodeling compared to the posterior, medial, and lateral quadrants.
However, based on the results from the porosity values obtained, it would seem that if the
anterior quadrant was subjected to a higher level of bone remodeling, the mean number
of canals seen in the anterior quadrant would also be increased compared to the other
quadrants. Although the mean number of canals was found to be higher in males
(17.2 ± 1.05) than that found in females (13.3 ± 0.80) (Table 10), the anterior quadrant in
both genders did not show a statistically significant canal quantity higher than the other
three quadrants. This may be explained by two ways: first, when the histological fields
(images) were studied, the number of canals in a given field included the counting of all
“pores,” which thus included Haversian canals, resorption spaces, and even oblique
Volkmann’s canals. In other words, there was no distinction made as to the type of
“pore,” (because overall cortical porosity was being observed); second, cement lines are
not located only at the periphery of osteons, but rather, are also found in the interstitial
regions of bone matrix. In the process of bone remodeling, secondary bone replaces
primary bone; as bone continues to remodel, older secondary osteons become partially
resorbed; and, although the center of the osteon and canal may become resorbed in the
113

creation of a new secondary osteon, existing areas of the “older” osteon will be left as a
remnant, becoming part of the interstitial bone region. This interstitial bone matrix has
been found to have an abundance of cement lines, left from older secondary osteons,
which were counted during the histological quantification of cement lines. As a result, a
“true” ratio of cement line quantity (pm / pm2) and canal number in any field cannot be
presumed — as there is no direct relationship between cement line quantity and the
number of pores counted in this research. Yet, the statistically significant (greater) length
of cement lines found in the anterior quadrant of both males and females, together with
the findings that males statistically exhibited significantly more cement lines in each
quadrant compared to females; and that mean canal number was statistically significantly
higher in each quadrant in males compared to females, suggests that 1) the anterior
quadrant in both genders may undergo higher levels of remodeling than the other
quadrants, and that 2) male cortical bone may undergo more remodeling than their female
counterpart.
Bone remodeling can be initiated from a variety of ways. The two main inducing
factors include: 1) mechanical, and 2) biological. Of the biological type, hormones and
metabolic factors influence the rates of bone turnover (Rodan, G.A., 1991; Rosen, V. et
al., 1992). Examples of these include calcitonin, parathyroid hormone, and calcium.
Diseased states would also be included, such as Paget’s disease, osteoid osteoma, and
osteoblastoma, which have more localized effects in bone remodeling (Lyles, K.W. et al.,
1995; Meunier, P.J. et al., 1995). Mechanical agents causing bone remodeling include
strain-mediated factors, which contribute to the quantity, rates, and locations of bone
turnover. Recently, stress fractures caused from fatigue damage has been shown to
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stimulate bone remodeling (Burr, D.B. et al., 1985; Li, G. et al., 1985); and, compelling
research experiments strongly favors the hypothesis that microdamage along cement lines
caused by bone fatigue evokes bone remodeling (Burr, D.B., 1993).
Li, G. et al.(1985) showed that fatigue microdamage in-vivo causes bone to
remodel, once the stress is removed and the tissue is allowed to heal. In their experiment,
they studied the pathologic changes in the structure of tibiae by controlling animal
jumping and running. In their rabbit model, they created an electrical shocking cage that
had a high, pulsive voltage (15,000 V), to induce an animal to jump and run under a
controlled frequency and period. Upon electrical stimulation, the rabbits first jumped
forward using their hindlimbs, and then ran. Rabbits were given a twenty-second “rest”
after each run; further, they were given a 10 minute “break” after the first hour. This was
performed for two hours every day; six days per week; for a period of sixty days. As a
result, the animals jumped approximately 360 times per day. Rabbits were sacrificed at
varying intervals to study. Of particular interest from their findings was the observation
of microdamage; this was in the form of microcracks found predominantly along cement
lines. These cracks were located primarily on the anterior and medial regions of the tibia;
and further, these cracks propagated to neighboring cement lines of Haversian systems
when jumping continued. Subperiostal osteoblastic activity had increased after several
days from the onset of the experiment, starting with a single layer of cells on the bone
surface. An area of accumulated osteoblasts was also noticed that produced woven bone.
Remodeling of bone was observed in the newly formed bone, with osteoclasts and
capillaries, which was followed by “Haversian canal-like structures” that gradually
appeared as the new bone “changed to mature bone.” Bone remodeling was also noticed
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in the original cortical bone, with osteoblasts along the enlarged Haversian canals and in
cavities in the interstitial lamellae, which were subsequently filled in by new bone. They
indicated that these observations led to the thickening of the tibial cortex, presumably by
1) repairing areas of damage with new Haversian systems after bone resorption, and
2) new bone formation in the periosteal region.
Recent work by Burr, D.B. et al. (1985) attempted to find threshold values
required to produce fatigue microdamage in bone in-vivo. They also wanted to determine
if an association exists between the observed presence of microcracks and resorption
cavities, and if present, if it is significantly higher than a purely random repair process. If
the frequency was higher, the argument that microcracks are a stimulus for bone
remodeling becomes strengthened.
To determine the threshold values required to produce microdamage, they loaded
the forelimbs of male mongrel dogs in three-point bending. Their experiment indicated
that loads producing strains as low as 1400 microstrain on the ulna, and 1500 microstrain
on the radius for 10,000 cycles will produce significant bone microdamage. In their
second experiment, they repeated the procedure (1500 microstrain for 10,000 cycles) to
one limb, and sacrificed the dogs a few days apart after the initial loading; their results
showed that the loaded limb had significantly more microdamage than the control
(p = 0.03). They also found an association between microcracks and resorption spaces
the first step in the process of making a new osteon; forty-four times as many
microcracks were found in association with resorption spaces than expected by chance
alone. This suggests that a certain level of microstrain and cycles are needed for
microcracks to occur. Additionally, it supports the hypothesis that fatigue microdamage
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is a significant factor in the initiation of intracortical bone remodeling. Furthermore, it
supports the hypothesis that the anterior quadrant is accustomed to more strain-induced
microdamage than the other quadrants.
Although Burr, D.B. et al. (1985) demonstrated that microcracks occurred in
common with resorption spaces at a much higher frequency than would be expected by
chance, and subsequently proposed that fatigue damage initiates bone remodeling, the
possibility exists that microcracks accumulated at preexisting resorption spaces, and did
not initiate new bone remodeling. To determine whether bone remodeling follows
microdamage or whether the microcracks simply accumulate at preexisting resorption
spaces, Mori, S. et al. (1993) performed an experiment to separate new microdamage
production and preexisting bone resorption. By using a similar dog model as Burr, D.B.
et al. (1985), loads were applied to both forelimbs at different times (eight days apart)
prior to sacrifice. It was hypothesized that if remodeling follows prior damage
production, each limb should have equal amounts of microdamage, but the limb loaded
first should have increased amounts of resorption along with microdamage. The results
of paired t-test indicated that their data was consistent with the hypothesis that bone
microdamage directly initiates new remodeling.
Carter, D.R. (1984) indicates that physiologically incurred strains vary
considerably throughout the human skeleton. Because of this, it is probable that the level
of strain and subsequent remodeling of bone is specific, depending on the site. Even
under normal conditions, there is a broad range of physical activity in which bone is
relatively unresponsive to changes in load. For example, in the work by Burr, D.B. et al.
(1985), the radii and ulnas may be unresponsive to change if strains much lower than
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1400 microstrain are applied; or, the same microstrain with a much lower number of
cycles. However, with repeated loading above a threshold value, bone hypertrophy
results (Mori, S. et ah, 1993).
Turner, C.H. et al. (1994) indicate that when compact bone is subjected to
bending loads, the interstitial fluid in the bone matrix will be forced away from areas of
compressive stress. The degree of this flow, however, will depend on the actual rate of
load. To test the hypothesis that interstitial fluid flow — specifically by bending
affects bone formation, they measured the effect of different loading frequencies (cycles)
to the rate of bone formation in-vivo. Using the tibiae of rats, they applied bending
frequencies at various, increasing cycles ranging from 0.05 to 2.0 Hz for two weeks.
Upon histological examination, it was found that the bending of the tibiae had increased
the bone formation rate only in the higher frequencies (0.5 to 2.0 Hz) compared to
controls, and was not found at the lower frequencies. However, when present, this
increase was found to be as high as a four-fold increase. In another experiment, they
found that with increased loading frequency, stress-generated piezoelectric potentials
also increased in a dose-dependent fashion. It was further found that the relationship
between loading frequency and the stress-generated potentials closely resembled the
dose-response relationship between loading frequency and the subsequent formation of
bone. This suggests that bone formation is associated with increased stress generated
potentials that arise from the increased flow of interstitial fluid.
The regulation of bone remodeling on bones is governed to a great extent by the
mechanical demands placed upon the bone tissue. Cement lines, which provide a record
of past remodeling, are useful determinants in in-vitro studies. Their quantification can
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yield some insight as to the degree of remodeling that has taken place. In addition to the
findings by Burr, D.B. et al. (1985) and Mori, S. et al. (1993), Lanyon, L.E. et al. (1993)
and O’Connor, J.A. et al. (1982) have shown that the strain environment is a major
stimulus for bone remodeling, with strain magnitude, strain distribution, number of strain
cycles, and strain rate all being significant factors in bone’s adaptive remodeling
response. It is also true that threshold values exist for mechanical factors governing bone
remodeling, and large strains or strain rates acting for short durations may produce
effects similar to those produced by smaller strains or strain rates repeated a greater
number of times. Since a higher quantity of cement lines were found in the anterior
quadrant, compared to the other quadrants, it seems plausible that the anterior quadrant of
the human tibia may undergo more remodeling than the other quadrants. Whether
remodeling is to repair existing microdamage caused from increased fatigue, or whether
remodeling occurs because of direct changes in interstitial fluid flow which causes bone
formation, or both, the anterior tibia may be subject to greater loads than the other
quadrants. Furthermore, the observations regarding gender differences in cement line
quantity suggest that male tibiae may be subject to a greater degree of stress — and
possibly a greater degree of fatigue microdamage — than their female counterpart.
These results support the hypothesis that the amount of cement lines is related to the
degree of bone remodeling. It also suggests that the anterior quadrant of the human tibiae
and in males more than females — undergoes higher levels of remodeling related to
the manner in which the entire bone is habitually loaded.

119

Correlation — Part I
To determine if a relationship exists between cement line quantity and the
mechanical properties of bone, the correlation coefficient (r) was calculated. Assuming
the relationship is linear, the unitless correlation coefficient is a measure of the strength
between variables, having a value between -1 and +1. A correlation coefficient of zero
indicates that no relationship exists, where as a value close to either +1 or -1 suggests
either a strong positive or negative relationship, respectively. With bivariate data, the x
variable refers to the independent (input) variable because its outcome is independent on
the other variable, whereas the y variable refers to the dependent (outcome) variable
because its response is dependent on the x variable. In calculating the correlation
coefficient, cement line quantity was the independent variable, and the mechanical
properties of bone were the dependent variables.
When whole bones were tested under a bending load in Part I, cement line
quantity was found to have a mild relationship with the total load (KN) needed to fracture
the bone (r = 0.5160); however, a relationship between cement line quantity and break
energy was not observed.
As previously mentioned, mechanical testing of whole bone specimens
approximates the behavior of these structures in-vivo. Therefore, testing at the whole
bone level measures properties of the entire bone as a structure, which incorporates the
properties of the materials of the whole bone, with the internal and external geometry. At
this hierarchical level, specimens include both cortical bone and trabecular bone, and
therefore contain multiple architectures. From a mechanical viewpoint, compact bone
can be viewed as a fiber-reinforced composite material, made up of parallel osteons
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acting as the fiber reinforcement, and cement lines being the interface between these
‘fibers’ or osteons and the surrounding bone. That a correlation was shown implies that a
relationship exists between the quantity of cement lines and total load needed to break the
tibia. Although testing of whole bone can provide important information (and some
questions can only be answered by testing whole bones), the resulting analysis may only
provide generalizations. A characterization of the material is necessary.
Bone is an anisotropic, nonhomogeneous composite material composed of
inorganic bone mineral (hydroxyapatite) embedded in an organic matrix (type I collagen,
proteins). There are many factors that contribute to the strength of whole bone, including
extrinsic factors such as bone geometry and shape (Augat, P. et al., 1996; Biewener,
A.A., 1993; Ferretti, J.L. et al., 1993), as well as intrinsic factors which include the
material itself (compact and cancellous bone) and their constituents. Some of these
intrinsic factors which have been shown experimentally to have an effect on bone
strength include porosity (Martin, R.B. et al., 1993), mineral density (Alho, A. et al.,
1988; Hassager, C. et al., 1995; Leichter, I. et al., 1982; Martin, R.B. et al., 1985; Oyster,
N., 1992), osteon orientation (Hert, J., 1994), osteon quantity (Evans, F.G., 1974),
collagen fiber orientation (Hasegawa, K. et al., 1994; Simkin, A., 1974), fiber geometry
(Pidaparti, R.M.V. et al., 1992), and even matrix crystal size and orientation (Kent, G.N.
et al., 1983). Further, these constituents interact with each other differently and
intricately. For example, one factor contributing toward the overall mechanical behavior
of bone is the interaction between the mineral and organic components in the bone
matrix. Each component influences bone strength differently; however, the independent
strength values of each cannot simply be summated. Saha, S. (1977) studied compact
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bone from human femora, and selectively dissolved each of the organic and mineral
components. The results showed that the composite strength of bone was considerably
higher than the summation of strengths of its individual organic and mineral phases.
Additionally, each of the micro structural components will respond to the variety
of forces differently depending on their location in bone. For example, when a bending
load is applied to a whole bone, the osteons in one region will experience compression, in
another region experience tension, and others will be neutral. Ascenzi, A. et al. (1964;
1967; 1968; 1972) showed in a series of investigations that single osteons have different
strength values depending on the force (load) it experiences; specifically, the mean
tensile strength for an osteon from a 30-year-old man is 12.26 ±1.51 kg/mm2 (1964;
1967), whereas the mean compressive strength is 16.70 ±1.19 kg/mm2 (1968), and the
mean shear is 6.89 kg/mm2 (1972). Clearly, the interactions of the constituents in bone
are complex, and as such, it becomes difficult to define the importance one structure may
have on the material property when whole bone is tested. Therefore, to try to specifically
investigate the relationship between cement line quantity and bone strength, standardized
specimens were machined from compact bone. This correlation will be discussed in
detail shortly, immediately after the close of the discussion from Part I.
When cement line quantity was correlated to breaking energy (Part I), a
relationship did not exist. One explanation for this may be because when the three-point
test was performed, each tibia was tested in a somewhat dry state. The bags that the
bones had been stored in were not kept airtight; nor were the bones submerged in fluid
while being stored. Therefore, these partially dry bones may have prevented a
relationship between cement line quantity and break energy from being shown.
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This explanation can be supported by the results by Evans, F.G. (1973). In their
experiment, bone specimens from human femora were created. Nineteen dry and twentyone wet specimens were tested under tension to failure. Their results indicated that the
wet specimens absorbed an average of 83.6 in.lb/in3 of energy before failing, compared to
an average of 60.0 in.lb/in3 for the dry specimens. Therefore, drying reduces the energy
absorbing capability of bone. Further, variable levels of drying would create a “noise” in
the data, obscuring the possible correlation (Jobe, C.M., 2002).
This was taken into consideration when the small bone cylinders were made in
Part II; in particular, each bone core was placed in individual jars of wetting solution
once machined from bone, and kept submerged and sealed until testing could be initiated.
Correlation — Part II
Cement lines are only one component of a sea of factors that are involved in
overall bone strength. To specifically investigate the relationship between cement line
quantity and the mechanical properties of bone, cylindrical cores with a diameter of 2.0
mm were machined from cortical bone of human tibiae. Unlike the experimental design
from Part I, where whole bone was studied as an organ, the machining of standardized
samples allowed bone to be studied as a material, without the extrinsic factors affecting
bone strength. Therefore, stress and strain measurements were calculated from the load
and displacement values. Stress and strain, by definition, incorporate the diameter
(surface area), thereby allowing comparisons to be made about the intrinsic properties of
the material.
Stress is defined as the internal resistance of a material body to a foreign body
acting upon it, and is typically defined as force per unit area. It may be classified as
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compressive, tensile, or shear, depending upon how loads are applied. For example
compressive stresses are developed if loads are applied so that a material becomes
shorter, whereas tensile stresses are developed when the material is stretched. Stress is
calculated by the magnitude of the force divided by the surface area over which the force
acts. Because bone is studied as a material in this segment, the values obtained for
human bone should be similar to values obtained from other bones, provided that they are
tested under similar conditions, and, the same type of force is being applied. Table 12
shows the mean strength of the human tibiae in this segment, compared to the findings by
other investigators.

Specimen

Bone

Specimen

Strength (MPa)

Reference

Human

Femur

2x5x50 mm beam

181

Sedlin, 1966

Human

Femur

2 x 3 x 30 mm beam

203 - 238

Keller, 1990

Human

Femur

0.4 x 5 x 7 mm beam

225 ± 28

Lotz, 1991

Human

Femur

2.0 x 3.4 x 40 mm beam

142- 170

Currey, 1997

Cattle

Tibia

4 x 10 x 80 mm beam

230 ± 18

Martin, 1993

Egerer, 2000
231 ±6 Males
216 ± 9 Females
Table 12. Strength values of bone coupons from different investigators, bending load
Human

Tibia

2.0 x 18 mm cylinder

Strain, on the other hand, is defined as percentage change in length, or relative
deformation. It is therefore a dimensionless measure, as it is the ratio of length over
length. A typical stress-strain plot from one of the cores is shown in Figure 28. The
shape of the curve is identical to the load-displacement curve. The correlation between
cement line quantity and several mechanical properties of bone are shown in Table 13.
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Figure 28. A typical stress-strain curve from the bending test of a cylindrical bone
sample, human tibia compact bone (2.00 mm x 18 mm)

Mechanical Property

Pearsons Correlation (r)

Break Load (KN)

0.8208

Break Displacement (mm)

0.2180

Break Stress (MPa)

0.8640

Break Strain (mm/mm)

0.1919

0.5598
Break Energy (J)
Table 13. Correlation between cement line quantity (pm / pm2) and mechanical
properties from all bone coupons (p < 0.05) (n=89)
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Numerous investigations (Carter, D.R. et al., 1977; Saha, S. et al., 1977) have
demonstrated repeatedly that secondary (Haversian, osteonal) bone is mechanically
weaker than primary bone. Despite this mechanical weakness, Haversian bone may
actually be a very tough material due to the unique micro structural arrangement between
components which, together, enhance its resistance to failure. Several investigators have
suggested that the ability of Haversian bone to resist crack growth when a stress is
applied is the main factor in its strength (Piekarski, K., 1970; 1976; Simkin, A. et al.,
1974). One of these micro structural components in Haversian bone that contributes to
Haversian bone’s fracture toughness (Alto, A. et al., 1979; Norman, T.L. et al., 1995) is
the cement line, a 1-5 pm thin structure located between secondary osteons and the
interstitial bone matrix.
Cement lines have been implicated in fracture processes, energy absorption,
viscous damping, and fatigue processes in compact bone (Carter, D.R. et al., 1977;
Lakes, R. et al., 1979; Martin, R.B. et al., 1982; Piekarski, K., 1970). The findings by
Schaffler, M.B. et al. (1987) and Burr, D.B. et al. (1988) have shown cement lines to
have different proportions of bone constituents compared to other regions of the bone
matrix. For example, Schaffler, M.B. et al. (1987) found that although the cement line
has less calcium and phosphorous compared to osteonal and interstitial bone, its Ca/P
ratio is actually higher than those surrounding areas, suggesting that the cement line may
not be made up of hydroxyapatite like the rest of bone. In contrast, they found that the
sulfur levels in cement lines to be considerably higher, and suggested that the sulfur may
be associated with sulfated protein polysaccharide complexes; and, because these large
molecules typically function as water binding agents, it was hypothesized that cement
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lines may have a fluid compartment which may contribute to the viscoelastic nature of
bone (Lakes, R.S. et al, 1979; Melnis, A. et ah, 1985; Saha, S. et ah, 1979).
Previous research by numerous investigators (Bronner, F., 1991; Frasca, P., 1981;
Sokoloff, L., 1973; Weidenreich, F., 1930; Weinmann, J.P., 1947) have tried to identify a
collagenous component in cement lines. Weidenreich, F. (1930) and Weinmann, J.P.
(1947) used silver impregnation techniques to demonstrate the presence of fine collagen
or reticulin fibers, and found that the cement lines rejected the stain unlike the
surrounding bone matrix. Similarly, birefringence comparable to that of the light bands
of lamellar bone is not ordinarily found in cement lines, and cement lines cannot be
distinguished from the rest of the bone matrix by using Van Gieson or Masson trichrome
stains. Others (Bronner, F. 1991; Frasca, P., 1981; Sokoloff, L., 1973) have also
indicated the absence of collagen. Others (Burr, D.B. et ah, 1985; Li, G. et ah, 1985;
Mori, S., 1993) have made observations, indicating that when fatigue fractures and
microdamage had occurred in the animals from their experiments, several types of
microcracks were found to exist (Figure 29); however, the most common and
predominant forms of microcracks were found to follow along the cement lines of
osteons, and along the cement lines in the interstitial matrix. An absence of collagen in
cement lines would yield such observations.
In fatigue, the life of many composite materials is dictated by the relative
importance of both crack initiation and crack growth (Fine, M.E. et al., 1978). The weak
interface represented by the cement line boundary permits crack initiation easily,
however, provides resistance for cracks to grow. Kendall, K. (1975) indicates that in a
composite material with weak interfaces, such as bone, the stress at the crack tip is
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Figure 29. Schematic drawing of the types of bone microcracking (redrawn after
Burr, D.B. et al, 1993)

inhibited when the crack enters the cement line and debonds the material. When a crack
first meets a ductile interface and shortly afterwards meets a stiffer one, the crack will
first be accelerated and then decelerated by the compliant interface, and finally be
arrested by the stiffer one. This may explain the correlation seen between higher cement
line quantity and both break stress and break energy. Continued crack growth would
require an increased threshold stress for the crack to continue propagating into the stiffer
layer.
By dissipating the energy along the cement line, together with being continuously
arrested while traveling, the bone would require more energy to fracture. This is
consistent with Frost, H.M. (1986).

128

The morphology of the cement line in human Haversian bone permits easy crack
initiation while simultaneously slowing or preventing crack growth. Although it is
weaker than primary bone, it may have desirable fatigue properties when loads at
physiologic strains and strain rate are applied. Further, because of the human body’s
ability to repair and remodel bone (Hirakawa, K. et al., 1994), crack initiation may not be
as important as preventing the growth and accumulation of cracks.
Effect of Formaldehyde Fixation on Bone
When human bone is studied to determine the effects of micro structure on the
mechanical properties of bone, it is often extremely difficult to acquire fresh living tissue
for mechanical testing. One way of acquisition, however, is when samples of bone are
removed during biopsy. Another possibility is when limbs become amputated out of
necessity due to trauma or disease. Both ways are plausible, however, highly
impractical. Biopsy samples are usually too small for mechanical testing, and bones that
are acquired after amputation are rare. Even if trauma or diseased bones are received,
there is no control on the ability to receive the same bone — or the same segment of
bone — for study (although some physicians may be able to indicate which bone(s) have
a higher rate of removal or amputation, for example, legs having a higher amputation rate
than arms). For these reasons, these sources are impractical.
Preserving bone specimens prior to mechanical testing is an important, and often
necessary step. Although it is ideal to be able to use fresh, living bone during testing, it
is usually not easily acquired. When time must elapse between the point a specimen is
harvested or acquired, and actual testing, the bone must be preserved. Three common
types of bone preservation include freezing, alcohol fixation, and formalin fixation.
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The use of formaldehyde has been used for fixing tissues for over 100 years
(Helander, K.G., 1994). Fixing human tissue is used to both preserve the micro structure
and to prevent the tissue from being contaminated by a variety of pathogens (Dapson,
R.W., 1993). Recently, there has been increasing insistence that human tissues be fixed
or otherwise rendered innocuous prior to mechanical or other testing (Cavanaugh, J.M. et
ah, 1990). The chemical fixing of bone is a simple process. However, the chemical
fixing of bone may have an effect on the subsequent results of the mechanical testing
(Leong, A. et ah, 1989). Bone consists of both an organic (collagen) and inorganic
(mineral, hydroxyapatite crystals) component. As a result, chemical fixation by the use
of aldehydes has a direct effect on the primary amine groups of the polypeptide collagen
chains by forming an increased number of inter- and intrafibrillar cross-links (Nimni,
M.E. et ah, 1987; Boskey, A.L. et ah, 1982); and, since one of the two primary
constituents of bone is collagen, the mechanical properties may subsequently be altered
(Currey, J.D. et ah, 1990, 1995; Fox, C.H. et ah, 1985). Previous investigations have
shown that alcohol and formaldehyde fixation alters the mechanical properties of bone to
some degree, but the amount of alteration depends on the type of test performed (e.g.,
bending, tensile, or compression) as well as its rate (e.g., static, impact). For this
research, human tibiae were available immediately, and in a large quantity. Although
these bones had been previously fixed in formalin, much of modern-day research
supports its use to investigate the mechanical properties of bone (Boskey, A.L. et ah,
1982; Currey, J.D. et ah, 1995; Evans, F.G., 1973).
One valid question about this research is whether or not there are any significant
differences among the mechanical properties of bone in its natural, “living” state,
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compared to the non-living, in-vitro bones tested in this investigation. Naturally, the goal
is to understand the mechanical properties of bone in the body as it normally functions
and reacts to external forces, and the research presented here tests not only non-living
bone, but preserved bone. At the time of this writing, this comparison has not been
performed on human bone.
The research literature indicates that the effects of embalming varies depending
on the type of load (compressive, tensile, bending) as well as the magnitude. For
example, Evans, F.G. (1964) compared the ultimate tensile strength of embalmed and
unembalmed cortical bone from the tibiae of adult white men, and found that the
embalmed specimens were significantly stronger (at the 0.05 to 0.01 level) than similarly
tested unembalmed bones. The effects of embalming was also investigated by
McElhaney, J. et al. (1964). They produced small tension and compression specimens by
machining cortical bone from the femora of cattle to a standardized size and shape. Four
different embalming fluids were used, each with a different chemical composition, to
investigate the effects of chemical preservation. Their results revealed that embalming
beef cortical bone reduced both the tensile and compressive properties. Specifically, the
ultimate strength and maximum strain under tension decreased by 3.4% and 4.6%,
respectively, and the same properties under compression decreased by 4.4% and 12.2%.
Recently, the mechanical properties from bending tests on bovine bone were
investigated by Currey, J.D. et al. (1995). Bone coupons were machined from the
cortical fraction of bovine femora. The specimens used for their static bending test were
removed from the mid-shaft diaphyseal region, and control and fixed samples were tested
under a three-point load, by loading them statically until fracture. Interestingly, their test
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protocol resembled the test protocol from the bone coupon testing employed in the
research presented here. The results from Currey, J.D. et al. indicated that the bending
strength (MPa) for their control bone samples was practically identical to their fixed
samples (Table 14); additionally, since bone as a material is being investigated, it’s not
surprising that the results from the bending test of the cores in this research are similar in
values to the values obtained from Currey, J.D. et al. They concluded that bending
strength under static loads show no effect when specimens were fixed with formaldehyde
using their fixation protocol. However, when impact tests are performed, they report that
impact energy absorption is reduced significantly, and therefore indicate that tests of high
strain-rate may be more affected than the results of static tests.

Investigator

Specimen

Control,
n=31
Mean, MPa

Currey, J.D.
(1995)

Bovine
Femur

209 ±13.3

Fixed,
n=3
Mean, MPa

Fixed,
Male,
n=50
Mean, MPa

Fixed,
Female,
n=39
Mean, MPa

209 ± 14.3

N/A

N/A

230.7 ± 5.6

215.6 ± 9.0

Egerer, A.K.
Human
N/A
N/A
Tibiae
(1998)
Table 14. Bending strengths, control and fixed

With such variation, some caution is necessary when the results from mechanical
testing on processed bone is interpreted. In addition to formaldehyde fixation of bone
tissue, the effects of drying and freezing of tissue can also influence the mechanical
properties of bone, and has been studied in great detail (An, Y.H. et al., 2000; Evans,
F.G., 1973). For example, the lack of moisture in bone increases the tensile and
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compressive strength characteristics, the modulus of elasticity, and the hardness of bone
(Evans, F.G. et al. 1951; 1952).
Kaab, MJ. et al., (1998) showed that the refrigeration of bone is acceptable for
periods of several days. However, for long-term storage of bone specimens, freezing has
been suggested to be the ideal method (Linde, F. et al., 1993, Kang, Q. et al., 1997).
However, freezing has been shown to damage soft tissue including cartilage (Bass, E.C.
et al., 1997) and tendon (Smith, C.W. et al., 1996), and therefore this should be taken into
consideration if such tissue is used during testing with the bone specimens. Several
researchers (An, Y.H. et al., 2000; Kang, Q. et al., 1997; Linde, F. et al., 1993) have
shown that even if the experiment calls for repeated freeze-thaw cycles, the mechanical
properties of bone are not altered significantly. Linde, F. et al. (1993) found that five
freezing and thawing cycles did not alter the compressive properties of cancellous bones.
Similarly, An, Y.H. et al. (2000) found no significant effect on the ultimate load and
stiffness of adult cow tibiae after five cycles of freezing and thawing.
When storing bones by freezing, the common procedure is to place the bone in
saline to prevent dehydration, and freeze at -20 degrees Celsius. Kang, Q. et al. (1997)
showed that storing bone for short periods of time at -20°C had only a minor effect on the
mechanical properties. It is important to note that although freezing bone for storage is
widely accepted and used, it is not without negative effects. Enzymes such as proteases
and collagenases may become active after thawing and subsequently degrade the tissue.
Additionally, freezing at -20°C does not completely prevent the enzymatic degradation of
bone (Tomford, W.W. et al., 1983). Whether there are any significant effects on the
long-term storage at -20°C is a valid question, and this has been partially answered by
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Panjabi, M.M. et al. (1985) and Roe, S.C. et al. (1988). Panjabi, M.M. et al. found no
significant effects on the mechanical properties of human vertebral bone due to freezing
for up to eight months. Similarly, Roe et al. found that bones did not become
significantly weaker by being frozen at -20°C for eight months. Because there are no
reported results on the mechanical properties of bone frozen at -20°C for lengths of time
greater than eight months, it is not recommended to store bones at this temperature for
longer than eight months.
Previous investigations suggest that if bones are to be tested without the potential
influence of chemicals (e.g., formaldehyde fixation, alcohol fixation), bone specimens
should be soaked in saline or phosphate-buffered saline (PBS), placed into an airtight
plastic bag, and frozen at -20°C until testing (Kang, Q. et al., 1997). Prior to testing, the
bone should be placed in saline and left to thaw for a minimum of three hours. If testing
of the thawed specimens cannot be performed immediately, but can be tested within 1-2
days, it is suggested to put the samples into a -4°C refrigerator until testing. If testing
cannot be performed until a greater length of time, the bones should be placed in saline or
PBS and re-frozen.
Therefore, these preservation techniques and ambient effects need to be
considered not only when testing bone, but also when comparing tissue and material
property values. Further, although the data presented in this research utilized human
bone, much of the existing literature on bone research reports on the use of animal
models (McElhaney, J. et al., 1964; Saha, S., 1975; Schaffler, M.B. et al., 1989), which
must also be taken into consideration when generalizations about bone and bone strength
are made. Nevertheless, when bone microstructure is studied and compared to the
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mechanical properties of the tissue (whether processed or not), great strides can be
accomplished in helping researchers understand the possible influence microstructure
may have on bone strength. This step alone can strengthen existing knowledge on bone,
both as a material, and as a structure.
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CHAPTER 6
CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

Bone is a heterogeneous tissue because the basic components are assembled in
numerous arrangements. These components interact together to withstand common
everyday forces. How a bone withstands these forces is a function of its mechanical
properties involving both extrinsic and intrinsic variables, and will be governed by the
type and magnitude of forces, as well as how these forces are applied. Additional factors
influencing its mechanical properties include the specific bone and part of the bone being
studied, and the age, sex, and race of the individual. Furthermore, when a bone is studied
in-vitro, other variables must be considered that may affect the results, including the
temperature and moisture content of the bone, and whether the tissue is fresh, frozen, or
embalmed. The effect of all these variables affect the mechanical properties of bone.
The mechanical functions are responsible for the maintenance and architecture of
the bone, and the metabolic functions for its renewal. Both are mediated by different
aspects of bone remodeling, which include the resorption of osteons and matrix in
compact bone, and of trabecular constituents in cancellous bone. The heterogeneous
nature of bone justifies the detailed investigations into the smaller components, which
will often contribute to a clearer understanding of how bone functions as a structure.
Taking all of the aforementioned areas into account, detailed data on the
mechanical properties of bone is of considerable — and practical — importance.
Orthopaedists, anatomists, biomechanists, physiologists, histologists, and bioengineers,
are all interested in the mechanical properties of bone for important — albeit different —
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reasons. Researchers in the physical sciences are interested in these properties from the
viewpoint of how various forces and their rates, direction, and magnitude affect bone.
Those in the biological sciences are interested on how sex, age, race, health state, and
histological morphology affect the mechanical properties of bone.
The mechanical properties of bone can be studied in whole bones or in specimens
of a standardized size and shape. The testing of whole bones certainly provides
important information, and in fact, there are some questions that can be answered only by
whole bone testing. However, if test analysis attempts anything more than
generalizations, it becomes necessary to try to eliminate factors which cloud the question.
When whole bone is being tested, it is studied as a structural unit or organ. When
tested having a standardized size and shape, it is studied as a material. The study of each
type has advantages and disadvantages. The advantage in using whole bones is that near
living conditions can be represented, allowing the study of how bone withstands the
common daily forces which occur during life. The biggest difficulty is that the
mechanical properties of intact bone are difficult to determine, due to the various and
irregular shapes, sizes, and cross-sectional areas. These shape and size variables are
eliminated when studying bone as a material with a standardized shape and size;
however, it is not representative of how bone behaves as a structure in nature.
Bones were tested under both conditions for this experiment. In the first segment
of this research, bone was tested as a structure; in the second segment, as a material.
Both provided insight, albeit differently, on cement lines.
Theories and observations have been made on cement lines since 1875, when von
Ebner called them ‘Kittlinien.’ However, it was only recently that a higher level of
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interest has been placed on their importance in biomechanics and bone remodeling.
From a morphological perspective, cement lines are collagen-devoid structures that
separate secondary osteons, or Haversian systems, from the surrounding bone matrix.
However, from a physiologic angle, they are intimately linked with the process of
microdamage histiogenesis, and partially responsible for bone remodeling.
Cement line involvement in stress (fatigue) fractures has been of particular
interest. It has been hypothesized that stress fractures in humans are caused by
microdamage in cortical bone. Further, because cement lines are closed surfaces, it has
been suggested that the cracks are likely to become trapped. This trapping and
subsequent dispersion of energy have been hypothesized to extend the life of the bone by
preventing a complete fracture from occurring. Recent investigations by Li, G. et al.
(1985) and Burr, D.B. et al. (1985) have shown in animal models that fatigue
microdamage predominantly occurs along cement lines. Burr, D.B. et al. (1985) and
Mori, S. et al. (1993) have also shown in animal models that there is an association
between microdamage in bone and the presence of resorption spaces, hypothesizing that
fatigue microdamage may be a significant factor in the initiation of intracortical bone
remodeling.
Adding to these investigations are those by Carter, D.R. (1984) and by Turner,
C.H. et al. (1994) who indicated that site-specific strains, and bending loads subjected to
bones directly, cause interstitial fluid flow changes which remodels bone, presumably
through the production of stress-generated potentials.
Bone remodeling appears to be largely governed by mechanical forces which
induce an internal change on the tissue (Burr, D.B., 1992; Stout, S.D. et al., 1994).
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Cement lines, forming after a previous bone resorbing event, provide an indication of the
level of past remodeling. That a greater quantity of cement lines was found in the
anterior quadrant — compared to the other quadrants — suggest that the anterior
quadrant may experience higher strains, or increased levels of microdamage, or both.
Furthermore, that males had a greater quantity of cement lines in all quadrants compared
to females suggests that male tibiae may be subjected to higher levels of stress or
microdamage than females experience. That correlations between cement line quantity
and 1) break stress and 2) break energy exist provides stronger support implicating
cement lines as structures affecting bone strength. Although they may themselves be
weak structures, they appear to strengthen bone by perhaps absorbing stress and
dissipating the energy along their surface.
Because much of the present research involves cement lines and the fatigue
fracture of bone, a prominent future study would be to identify cement line involvement
quantitatively — with the fatigue fracture of bone. Additionally, because bone is
weakest in tension, and osteons and matrix are found to delaminate in tension along
cement lines, it may prove valuable to investigate bone strength under pure tension with
the quantitative involvement of cement lines. Although it was attempted earlier in this
research, the grips to hold such a small cylinder were prohibitively expensive, and
attempts to hold them with laboratory-created grips were unsuccessful. Nevertheless,
great strides in understanding fatigue fracture and overall bone strength may be
accomplished by additional investigations on this elusive, yet important, structure. These
data will be helpful in developing a future mathematical model of bone as a composite
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material considering cement lines as a viscoelastic component, as well as contributing to
our understanding of bone in both normal and diseased states.
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Sit finis libri, non finis quaerendi. *

Let this be the ending of the book but by no means the end of the searching
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Morphology of the Cement Line in Human Bone and its Relationship to Bone Strength
Avery K. Egerer, Subrata Saha, Paul J. McMillan, and Jose Rivera
Department of Pathology and Human Anatomy
Loma Linda University
Loma Linda, CA 92350 USA
Abstract—The length of the osteonal cement (reversal) line
per unit area (pm/pm ’) in human cadaveric tibias was quantified
and con-elated with overall tibial mechanical properties. In
addition, the relationship between cement line quantity and gender,
age, and location (left versus right limbs) was also evaluated. The
study has shown that the cement line length per bone area within
the anterior tibial quadrant to be significantly greater (p < 0.05)
than the posterior, medial, and lateral quadrants, suggesting an
increased degree of remodeling within that region. The results did
reveal a greater quantity (p < 0.05) in males than in females. The
data additionally reveal a direct proportional relationship between
cement line length per area and the maximum load (ItN) necessary
to completely fracture the bone.
These quantitative results
reinforce existing research on cement line involvement in bone
strength.

and molecular components which provide both its inherent
strength and flexibility. Researchers have suggested that cement
lines play important roles in the fatigue and fracture properties of
bone. Carter & Hayes [2] studied the fatigue behavior of compact
bone specimens in-vitro, and showed that repeated loading of
compact bone causes a progressive loss of both ultimate strength
and stiffness, and an increase in permanent deformation. Using
bovine femora in a 4-poin4 bending fixture, they found that the
most extensive damage to the bone was on the compression side,
and consisted of oblique cracking and longitudinal splitting.
However, the damage observed on the tension side of the femurs
was more subtle, consisting primarily of separation (debonding)
at the cement lines and interlamellar cement bands. Examination
at higher magnification revealed in these areas of separation
significant fibrous tearing and bridging through the cement lines,
which was consistent with Frasca's [13] work,
By
microscopically examining the tissue prior to complete failure,
Carter and Hayes confirmed that bone fatigue is caused by the
progressive accumulation of diffuse structural damage, and that
rather than by a single traumatic incident, the fatigue fracture is
caused by a gradual alteration of the bone structure caused by
repeated, non-violent, and usually unaccustomed stress that may
or may not eventually result in a complete fracture. Furthermore,
Carter and Hayes hypothesized that cumulative fatigue
microdamage in-vivo may be associated with bone physiology
changes, possibly resulting in bone structure remodeling.
Carter and Hayes' in-vitro experiment was replicated in
an in-vivo investigation using a rabbit model [14]. In this study,
Li et al. induced fatigue fracture by submitting the rabbits to
electrical shocks, causing them to jump and run under a controlled
frequency and period. When the rabbits were sacrificed at set
intervals, Li et al. found that after the 10th continuous day of
electrical stimulation, small cracks appeared at the cement line of
the haversian system, mostly located in the anterior and medial
regions of the tibia.
The structure and composition of the osteonal cement
line suggests that the unique osteonal structure not only allows
failure at the weak interface by delamination at the cement line,
but is also implicated in arresting and trapping cracks, hence
eradicating further crack propagation [1] [15] [16] [17] [18][19]
[20] [21] [22] [23], As a result, fracture toughness would be
increased, and the fatigue life of bone extended.
Although some information on the thickness,
composition, and fracture fatigue properties of cement lines is
available, detailed quantitative data on the morphology of cement
lines is lacking in the literature. Additionally, the relationship

I. Introduction
Although the osteonal cement line has not received
rigorous anatomical and histological examination compared to
other features of bone, its role in compact bone is of paramount
importance. .Since 1958, it has been variously implicated in
fracture processes, energy absorption, viscous damping and elastic
function, and fatigue processes by a variety of prominent
researchers [1 ][2][3j[4J[5J[6][7]. Schmidt [8] had raised the
question whether the cement line is a real structure, and
hypothesized that it may actually be an optical artifact created by
osteonal edge overlap. Since then, however, the available
research indicates that the cement line is not only a real structure,
but also has functional importance within compact bone.
The cement line was first identified and named
'Kittlinien' by von Ebner in 1875; it is a structure found
predominantly in compact bone, and has been found to have a
thickness of anywhere between 1 to greater than 5 micrometers
[9] [10] [11] [12]. During the formation of new bone during
remodeling, a preliminary ground substance is deposited, and the
cement line can be thought to represent a residuum of this ground
substance As a result, the cement line is located at the periphery
of the cylindrical haversian system or osteon, each osteon being
approximately 200-250 nm in diameter parallel to the long axis
of the bone, and having a central canal containing blood vessels
roughly 40-50 ^m in diameter.
A. Cement Line Involvement in the Fracture-Fatigue Properties
of Bone
Boric is a very dynamic tissue composed of many microstructural
0-7803-31.31-1/96505.00© 19961EEE
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between cement line quantity to overall bone mechanical
properties, age, and gender have not yet been investigated.
Therefore, the objective of this study was to quantify the cement
line in the human tibia, and to correlate this quantity with age,
gender, and overall tibial mechanical properties.
II. Materials and Methods
Nineteen human tibias from twelve cadavers (4 male, 8
female) between the ages of 61 and 99 years were tested via 4|x>int loading to measure the load (kN) and energy (J) at yield, and
energy (J) at break. Each tibia was tested in the anterior-posterior
plane asing a servo-hydraulic materials testing machine (Instron,
Model 8521). Commercially available software was used for
acquiring and analyzing the data (Instron, Series IX, Troy, NY).
Upon fracture, 200jrm slices were removed from the
middle 1/3 of each tibia using a Buehler Isomet circular diamond
saw. This was performed by initially blocking the tibia in a jig
attached to the diamond saw to plane the surface of bone. The
resulting smooth surface on the cross-sectioned bone was then
adhered to a plexiglass slide using a super glue gel (Devcon
Corp., IL), and allowed to dry for 5 minutes. The stage
micrometer was then advanced to produce the desired bone
thickness. Each specimen was then subsequently processed with
graded (320-600 git), fine finishing sandpaper (3M, St. Paul,
MN), and surface-decalcified in a 10% HC1 solution for 2 minutes
prior to 1% Coomassie Brilliant Blue R staining (EM Science,
Cherry Hill, NJ).
Each cross-section was taken to a computer workstation,
and the four anatomical quadrants (anterior, posterior, medial,
lateral) were analyzed under an Olympus CH-2 light microscope
(10X objective) with an attached PLUNiX TMC-7 video camera.
Between 4 to 12 fields (images) from each of the four quadrants
of each of Hie twenty-one tibias were digitized, providing 582 total
images for cement line quantification. The length of cement lines
per unit area (LA) of bone was estimated using the stereologic
relationship in (1):

LA= (314/2)1,.

medial, and lateral quadrants. Furthermore, although no
significant diffetience in cement line length was found between the
ages of individuals, gender did reveal a significant difference (p <
0.05), with the average cement line quantity in males (0.0099 ±
0.002//m//imJ) being greater than that of females (0.0092 ±
0.002r/m///mJ).
When the quantity of cement line in each of the four
quadrants was analyzed with the data from the 4-point load
testing, there was a strong correlation between quantity (um/rtm2)
and the maximum load (kN) necessary to completely fracture the
bone. We observed that as the cement line quantity increased
within the anterior quadrant, the maximum load had also
resultanlly increased (Fig. 1). Additionally, a strong correlation
was observed between total (4-quadrant) cement line quantity and
maximum load (Fig. 2). There was no statistical significance
between the posterior, medial, and lateral quadrant cement line
quantity and maximum load. Furthermore, no correlation was
observed with cement line quantity and the energy (J) at yield, nor
with energy (J) at break.

f ‘
5 «

I 5
o oot»

OCT

010

o on

e otj

Anterior Quadrant Cement UneQuentlty

Fig. 1. Maximum load as a function of the anterior tibial quadrant cement line
quantity.
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I'

where IL is the number of intersections per unit length that lest
lines make with cement lines. The quantification was facilitated
using commercially available image processing software (ImagePro Plus, Media Cybernetics, Silver Sprint, MD).

3 •
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III. Results
ooooo

Cement line length per bone
in the anterior
quadrant (0.0103 ± 0 002/Uin//im5) was found to be significantly
gcater (p < 0.05) than the posterior (0.0091 ± 0.0016//m/^m3),
medial (0.0093 ± 0.0015/rm/^m2), and lateral (0.0094 ± 0.0016
/vm/jiin2) quadrants. There was no statistically significant
difference in the amount of cement line between the posterior.
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Fig. 2. Maximum load as a function of total cement line quantity from the
anterior, posterior, medial, and lateral tibial quadrants.
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extremely helpful, allowing this project to come to fruition.

V. Discussion
Our preliminary findings indicate that the cement lines
may play an important role in bone strength. That we found a
significant correlation between cement line quantity (/;m//mi2)
(Figs. 1 & 2) and the maximum load (kN) suggests such a
relationship. However, we did not find a correlation between
cement line quantity and the energy (J) at yield, nor with energy
(J) at break. This may be due to the fact that the moisture content
of each bone specimen varied, which may have affected the
displacement, and thus the energy absorption capacities.
Furthermore, our results indicate that there was a greater
quantity of cement lines in the anterior tibial quadrant compared
to the posterior, medial, and lateral quadrants. This is partially
consistent with the in-vivo study performed by Li, et al. [14]. In
their rabbit study, they lound an increase in microcracks along the
cement line in both the anterior and medial quadrants of the tibia.
The fact that we did not observe an increase in cement line
quantity in the medial quadrant may be explained by the quantity
being species-dqiendent. Carter and Hayes [2] hypothesized that
cumulative fatigue microdamage in-vivo may be associated with
bone physiology changes, possibly resulting in bone structure
Additionally, other prominent researchers
remodeling.
[1][15][25][26][27] have suggested that microscopic damage
caused by mechanical loading may be a direct stimulus to bone
remodeling. Our results suggest that the human anterior tibia may
be accustomed to 1) a greater amount of stress over many years,
2) subject to a greater amount of microcracking, 3) greater osteon
formation due to repair, and thus 4) a subsequent increase in the
quantity of cement lines.
Our present understanding of the morphology and
histology of cement lines seems to indicate that although crack
initiation may be easier to start along and within the cement line,
crack propagation, however, may indeed be more difficult. The
role of the cement line in compact bone thus has unique
characteristics; it is therefore our goal to continually strengthen
our understanding of this important structure.
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CEMENT LINE QUANTITY AND DEGREE OF POROSITY IN HUMAN BONE AND
THEIR RELATIONSHIP TO BONE STRENGTH
Avery K. Egerer, B.S., Jose Rivera, B.S., Paul J. McMillan, Ph.D., and Subrata Saha, Ph.D.
Loma Linda University
Department of Pathology and Human Anatomy
Loma Linda, CA 92350
PURPOSE / INTRODUCTION
The composition of bone includes many structural and molecular components which provide both its inherent flexibility,
strength, and overall dynamic nature. Two such components which have been implicated in overall bone strength within
long bones include 1) the osteonal cement line, a l-5pm-thick structure that is found on the outermost boundary of an
osteon, and 2) the degree of porosity in both compact and cancellous regions of bone tissue. Previous research has
suggested that cement lines play an important role in the fatigue and fracture properties of bone by allowing easier
microcracking to occur along these lines. Furthermore, it has been well established that the incidence of fractures is
significantly increased with an increase in porosity. Although some information on the thickness and composition of cement
lines is available, detailed quantitative data on the morphology of cement lines is lacking in the literature. Additionally,
despite the existing research available on porosity and bone strength, the relationship between cement line quantity and bone
porosity to overall bone mechanical properties, age, and gender have consequently not yet been investigated. Therefore,
the objective of this study was to quantify the cement line and porosity in the human tibia, and to investigate the relationship
between the microstructural parameters (e.g. cement line and porosity) and the load carrying capacity of the human tibia.

MATERIALS AND METHODS
Twenty-one human tibias from 12 cadavers (4 male, 8 female) betsveen the ages of 61 and 99 years were tested in 4-point
bending to measure the load (kN) and energy (J) at yield, and energy (J) at break. Two-hundred-micron-thick slices were
removed from the middle 1/3 of each tibia using a circular diamond saw (Buehler Isomet) and processed with fine sanding
and surface decalcification. After Coomassie Brilliant Blue R staining, these specimens were immediately taken to a
computer workstation for image analysis. Each cross-section was divided into four anatomical quadrants (anterior,
posterior, medial, lateral), with three fields taken from each quadrant, prior to light microscope analysis.

RESULTS
The results indicate that the average load necessary to completely fracture the bone in females (4.17kN) was significantly
less than that for males (7.92kN) (Figure 1). Upon histological examination, the quantity of cement lines (pm/pm2) in the
anterior quadrant was found to be significantly greater (p<0.05) than the posterior, medial, and lateral quadrants (Figure
2). There was no significant difference in the amount of cement lines between the posterior, medial, and lateral quadrants.
Furthermore, although no significant difference in cement line quantity was found between the ages of individuals, gender
did reveal a significant difference (p<0.05), with the average cement line quantity in males being greater than that of females
(Figure 3). Correlation analysis revealed a positive relationship between the cement line quantity (pm/pm2) and the
maximum load (kN) necessary to completely fracture the bone (Figures 4 & 5). When the porosity was examined for each
of the 4 quadrants in both genders, the anterior quadrant in females had approximately 40% greater porosity than the
posterior, medial, and lateral quadrants (Figure 6). In males, there was no significant difference between each of the 4
quadrants. Taking into account each of the 4 quadrants, our results reveal average tibial porosity in females to be 12.24%,
and in males 7.10%.

CONCLUSION
Our results suggest that both the cement line quantity as well as porosity are important factors affecting bone strength.
Further studies are in progress correlating other microstructural properties within bone on the mechanical behavior of the
human tibia. Our data will be helpful in developing a mathematical model of bone as a composite material considering
cement lines as a viscoelastic component, as well as contributing to our understanding of bone in both normal and diseased
states.
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Figure 2: Quadrant differences in cement line
quantity for combined males and females.
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Figure 3: Comparison of cement line distribution
in males and females.
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CEMENT LINE QUANTITY, OSTEONAL DIMENSIONS, AND POROSITY
OF HUMAN BONE CORRELATED WITH STRENGTH
EGERER A.K., MCMILLAN P.J., RIVERA J„ SAHA S.*
Department of Pathology and Human Anatomy, Loma Linda University
Loma Linda, California, 92350 USA
in females was significantly less than in males, females showed
an increased mean canal diameter than that in males.

Microstructural features affect the overall mechanical behavior of
bone. This study addresses cement lines, osteonal dimensions,
and porosity as important properties affecting bone strength.

Discussion
Our results suggest that both the cement line quantity,
porosity, canal number, and canal size arc important factors
affecting bone strength. Further studies are in progress
correlating other microstructural properties within bone on the
mechanical behavior of the human tibia. Our data will be helpful
in developing a mathematical model of bone as a composite
material considering cement lines as a viscoelastic component, as
well as contributing to our understanding of bone in both normal
and diseased states.

Introduction
The composition of bone includes many structural and
molecular components which provide both its inherent flexibility
and strength (1). Cement lines and the degree of porosity arc two
such features. Although some information on cement lines is
available in the literature, the relationship between cement line
quantity, porosity, number of canals, and canal size to overall
bone mechanical properties, age, and gender have not yet been
investigated (2). In the present study, we quantified the cement
line, porosity, and osteonal dimensions, and investigated the
relationship between these microstructural parameters and the
load carrying capacity of the human tibia.
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Materials and Methods
Twenty-one human tibias from 12 cadavers (4 male, 8
female) between the ages of 61 and 99 years were tested in 4point bending using a servo-hydraulic materials testing machine
(Instron) to measure the load (kN) and energy (J) at yield, and
energy (J) at break. Two-hundrcd-micron-thick slices were then
removed from the middle 1/3 of each tibia using a circular
diamond saw (Buchlcr Isomet) and processed with fine sanding
and surface decalcification. After Coomassie Brilliant Blue R
staining, these specimens were immediately taken to a computer
workstation for image analysis. Each cross-section was divided
into four, anatomical quadrants (anterior, posterior, medial,
lateral), with three fields taken from each quadrant, prior to light
microscope analysis. This provided a total of 582 images for
quantification. Commercially available software (Image Pro)
was used for determining the cement line unit length (pm/pm2),
porosity (%), mean canal number per unit area, and mean canal
diameter (pm).
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The results indicate that the average load necessary' to
completely fracture the bone in females (4.17kN) was
significantly less than that for males (7.92kN). Upon
histological examination, the quantity of cement lines (pm/pm2)
in the anterior quadrant was found to be significantly greater
(p<0.05) than the posterior, medial, and lateral quadrants (Figure
1). There was no significant difference in the amount of cement
lines between the posterior, medial, and lateral quadrants.
Furthermore, although no significant difference in cement line
quantity was found between the ages of individuals, gender did
reveal a significant difference (p<0.05), with the average cement
line quantity in males (0.0099±0.0006) being greater than that of
females (0.0091 ±0.0008). Correlation analysis revealed a
positive relationship between the cement line quantity' (pm/pm2)
and the maximum load (kN) necessary to completely fracture the
bone (Figure 2). When the porosity was examined for each of the
4 quadrants in both genders, the anterior quadrant in females had
approximately 40% greater porosity than the posterior, medial,
and lateral quadrants. In males, there was no significant
difference between each of the 4 quadrants. Taking into account
each of the 4 quadrants, our results reveal average tibial porosity
in females to be 12.24%, and in males 7.10%. Although the
mean number of canals per unit area in each of the four quadrants

Figure 2. Maximum load as a function of total cement line
quantity form the anterior, posterior, medial, and lateral tibial
quadrants.
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Cement Line Quantity and Porosity Variation in Human Cadaveric Tibiae
and their Relationship to Bone Strength
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University of California at Riverside, Riverside, CA 92521
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INTRODUCTION
The osteonal cement line is a structure found primarily
within compact bone at the periphery of osteons. They
have been implicated in a variety of areas concerning bone
strength, namely, 1) energy absorption, 2) fracture
processes, 3) fatigue processes, and 4) elastic function. In
this study, we quantified cement lines and porosity in
human cadaveric tibiae and investigated the relationship
between these microstructural parameters and bone
strength.

Part II: Histologic Quantification
Two-hundred-micron-thick slices were removed
from the middle 1/3 of each tibia using a circular
diamond saw (Buehler)
Slices adhered to a plexiglass slide using
cyanoacrylate glue
Bone surface processed with fine sanding (320600 grit)
Surface decalcification (10% HC1, 2 minutes)
Staining (1% Coomassie Brilliant Blue R, 2
minutes) to produce unique and selective non
staining of cement lines

REVIEW AND THEORY
The composition of bone includes many structural and
molecular components which provide both its inherent
flexibility, strength, and overall dynamic nature. Two such
components which have been implicated in overall bone
strength within long bones include 1) the osteonal cement
line, a 1 -Spm-thick structure formed during the initial
stages of bone remodeling and thus found on the outermost
boundary of an osteon, and 2) the degree of porosity in
both compact and cancellous regions of bone tissue.
Previous research has suggested that cement lines play an
important role in the fatigue and fracture properties of
bone by allowing fatigue microdamage to often occur
along these lines. Furthermore, it has been well
established that the incidence of fractures is significantly
increased with an increase in porosity. Although some
information on cement lines is available in the literature,
the relationship between cement line quantity, porosity,
Haversian canal number, and canal size to overall bone
mechanical properties, age, and gender have not yet been
investigated. In the present study, we quantified the
cement line, porosity, and osteonal dimensions, and
investigated the relationship between these microstructural
parameters and the load carrying capacity of human tibiae.

Each cross-section was taken to a computer workstation,
and the four anatomical quadrants (anterior, posterior,
medial, lateral) were analyzed under an Olympus CH-2
light microscope (10X objective) with an attached
PULNiX TMC-7 video camera. Between 4 to 12 fields
(images) from each of the four quadrants of each of the
twenty-one tibiae were digitized, providing 582 total
images. The length of cement lines per unit area (LA) of
bone was estimated using the stereologic relationship in
(1):
(1)

La = (3.14 / 2) I,

where IL is the number of intersections per unit length that
test lines make with cement lines. Commercially available
software (Image-Pro Plus, Media Cybernetics) was used
for determining the cement line unit length (pm/pm2),
porosity (%), mean canal number per unit area, and mean
canal diameter (pm).
RESULTS
The results indicate that the mean maximum load necessary
to completely fracture the bone in females (4.17 kN) was
significantly less than that for males (7.92kN) (Table 1).
Upon histological examination, the quantity of cement
lines (males and females combined) in the anterior
quadrant was found to be significantly greater (p<0.05)
than the posterior, medial, and lateral quadrants (Figure 1).
There was no significant difference in the amount of
cement lines between the posterior, medial, and lateral

PROCEDURE
Part I: Mechanical Testing
Twenty-one human tibiae from 12 cadavers (4
male, 8 female)
Ages between 61 and 99 years at death
Tibiae statically loaded in 4-point bending
Load (kN) and energy (J) at yield, and energy (J)
at break were measured
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Mean Maximum
Load (kN)

Cement Line
Quantity ((im/nnf)

Males

7.92

0.0099

Females

4.17

00091

each quadrant in both genders, the anterior quadrant in
females had approximately 40% greater porosity than the
posterior, medial, and lateral quadrants. In males, there was
no significant difference between each quadrant. Taking
into account all quadrants combined, our results reveal
mean tibiae porosity in females to be 12.24%, and in males
7.10%. Although the mean number of Haversian canals per
unit area in each of the quadrants in females was
significantly less than in males, females showed an
increased mean canal diameter than males (Table 2).

Table I: Differences in the mean maximum load carrying capacity of
human tibiae and total cement line quantity between gender.

Mean # Canals/Arca
Area=55.3xlO'1 unf

Mean Canal
Diameter (uni)

Males

17 1

38.8

Females

13.3

53.6

Table 2: Differences in the mean Haversian canal number per unit area
and mean canal diameter between gender.

DISCUSSION
Our results suggest that both the cement line quantity as
well as porosity are important factors affecting bone
strength. We hypothesize that the human anterior tibia may
be accustomed to 1) a greater amount of stress over many
years, 2) subject to a greater amount of fatigue
microdamage, 3) increased osteon formation due to repair,
and 4) a subsequent increase in the quantity of cement lines.
Furthermore, our observations regarding gender differences
in cement line quantity suggest that male tibiae may be
subject to a greater degree of stress — and thus a greater
degree of fatigue microdamage — than in females. Finally,
our results suggest that although porosity is inversely
correlated with bone strength, males and females have a
rather different ratio between mean canal number per area
to mean canal diameter (i.e. females showed fewer canals
with larger canal diameters than males, whereas males
conversely showed a greater canal quantity with smaller
canal diameters. Although further study is needed on the
osteonal cement line as well as other microstructural and
molecular features within bone tissue, our data will be
extremely helpful in a variety of orthopaedic sub-disciplines
by 1) helping in the development of future mathematical
bone models, 2) furthering our present knowledge on bone
mechanical properties, and 3) understanding Normal vs.
Diseased vs. Post-surgical adapted bone tissue. Proximal
and distal tibiae diaphyses are presently under analysis.

Figure I: Quadrant differences in cement line quantityfor combined
males and females.

quadrants. Furthermore, although no significant difference
in cement line quantity was found between the ages of
individuals, gender did reveal a significant difference
(p<0.05), with the mean cement line quantity in males
being greater than that found in females (Table 1).
Correlation analysis revealed a positive relationship
between the cement line quantity (pm/pm2) and the
maximum load (kN) necessary to completely fracture the
bone (Figure 2). When the porosity was examined for
Maximum Load as a Function of
Cement Line Quantity from the
ANTERIOR Tibial Quadrant
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Figure 2: Maximum load as a function of total cement line quantity from
the anterior tibial quadrant.
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